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Abstract
Poly- and Perfluoroalkyl substances (PFAS) are a group of emerging contaminants
which are persistent in nature and hazardous for living organisms. They have an
anthropogenic origin and have unique properties which have the disadvantage of
bioaccumulating in organisms.
This work aims at the investigation of the influence of different relevant PFAS
on the membrane properties of A. borkumensis. This information is one important
piece on the way to evaluate the overall response of the bacterium in the presence
of these molecules. First, the lipids were extracted with a solvent-based method.
Afterwards, they were spread at an air-water interface within a Langmuir trough
while the water phase contained PFAS which can then interact with the lipid
monolayer. Since PFAS are amphiphilic, their hydrophobic tail is drawn to the
air phase just like the lipids’ tail. By evaluating different PFAS, the influence of
the hydrophilic headgroup and the fluorinated tail length can be examined. To
investigate the role of the lipid type, experiments with model membranes of known
lipids were conducted, too.
In conclusion, all PFAS were found to have an impact on the monolayer
increasing with the PFAS concentration. Very surface active components can even
displace lipids. In all cases at least slight increases in fluidity could be observed
which can be troubling for the live bacterium in the end since it relies on the
mechanical stability of its membrane.
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1

Introduction

PFAS are an emerging group of over 3,000 chemicals with anthropogenic origin
accumulating in the environment and even organisms. Originally, they were used
for products like impregnating agents because of their unique properties they owe
to their amphiphilic nature and fluorinated tail groups [1–3]. Unfortunately, they
are persistent and therefore, it is important to know the ways they can impact our
own lives and the environment. The molecules are even detectable in human blood.
One of the most-studied PFAS, Perfluorooctanesulfonic acid (PFOS) is known to
be present at blood concentrations around 40

ng
mL

for US citizens [4]. Even years

after exposure, high levels of PFAS remain in the body [5]. Especially children
take up the contaminant easily from drinking water [6]. Since the discovery of
their adverse effects, the industry mainly focuses on PFAS with short tail groups
because of their weaker effects but the longer-chained molecules are still a problem
because they were even distributed to the most remote areas like the arctic through
the global water cycle [2, 4, 7–10].
Most studies about the impact of these molecules focus on exposed animals and
humans. These studies revealed that the lipid and protein content is linked to the
PFAS bioaccumulation in tissue [11–13]. The impact of PFAS on bacteria however
is not as well-known as the accumulation behavior in other organisms. Because
bacteria have a central function in the ecosystem, it is essential to study and not
to neglect them. For this thesis, Alcanivorax borkumensis is chosen as a target
model organism. It is a marine bacterium and therefore directly exposed to sea
1

water and possible contamination. It is especially known for its ability to break
down hydrocarbons and therefore has the potential to improve the living conditions
for other species by degrading oil spills which are often caused by humans. The
bacterium becomes dominant when exposed to such environments [14, 15].
This thesis aims at the determination of the influence of PFAS on the membrane
of A. borkumensis. As a model organism, A. borkumensis is especially interesting
because it produces biosurfactants to access alkanes. It therefore has mechanisms
to take in and interact with alkanes which usually phase separate from the water.
The key question is whether PFAS are able to penetrate the membrane and alter its
mechanical properties to an extent that might have an influence on living bacteria
as well. Overall, it is hypothesized that if the bacterium Alcanivorax borkumensis is
exposed to PFAS, altered properties of the cell membrane can be observed which are
the result of PFAS partitioning. Hence, the membrane lipids will be extracted and
characterized. Afterwards, the lipids will be spread at an air-water-interface with
water containing different PFAS. Compression of the surface reveals partitioning
of the contaminants into that lipid layer. The results will also be compared to
model membranes containing only four different phospholipids which can be used to
predict the effect of PFAS on membranes with a different phospholipid composition.

2

2
2.1

State of Science
PFAS and Their Environmental Impact

PFAS are a group of more than 3000 amphiphilic molecules with a hydrophilic
headgroup and a hydrophobic, fluorinated tail [3]. They are widely used for
products like non-stick ware (e.g. pans), impregnating and cleaning agents as well
as firefighting foams and lubricants because of their unique properties such as water
and oil repellency [2, 8]. The hydrophilic headgroups can vary as well as the chain
length of the hydrophobic fluorinated tail. Perfluorinated carboxylates containing
eight or more fluorinated carbons and perfluorinated sulfonates with more than six
fluorinated carbons are called long-chained PFAS [6]. Different properties cause
different effects of the molecule which are important to investigate because of
their persistence in the environment and adverse health effects [16, 17] including
immunotoxicity [18,19], neuronal cell death, attention deficit [20], decreased vaccine
response and birth weight [6]. The half-lives of PFAS are also of special interest
since exposure can be ended or limited if a high contamination level is discovered.
Interestingly, Perfluorohexanesulfonic acid (PFHxS) which is shorter than PFOS
exhibits a longer half-life (5.3 vs. 3.4 years). This is especially relevant since
shorter PFAS are used nowadays. For women, significantly lower half-lives could be
observed than for men. The half-life for Perfluorooctanoic acid (PFOA) however, is
not sex-dependend and was determined to be 2.7 years [21]. Degradation of these
compounds is currently investigated, especially using microbes [22, 23].

3

Figure 2.1: Distribution of PFAS in the environment [7].

According to a study in the region of the Ganges river, equal amounts of PFAS
can be found in the river water and ground water which serves as drinking water.
The concentrations for PFOA and PFOS reached up to 1

ng
L

each. Shorter PFAS

were even found at higher concentrations which also indicates that the share of
longer-chained PFAS is smaller accordingly. This might even be the consequence
of the replacement of longer chains in the industry [24]. Chinese waters were
also investigated and exhibited a high level of Perfluorobutanoic acid (PFBA).
These molecules were also detectable in the Arctic ocean while the total amount of
Perfluoroalkyl acids (PFAA) added up to 3

ng
L

in the Eastern Chinese Sea [9]. Rivers

exhibited high levels of PFOA and PFOS [25,26], even the air around manufacturing
facilities was found to contain PFOA [27]. Nevertheless, other studies have found
lower concentrations for PFAS in water in Canada and Europe (see figure 2.1)
indicating that the amount of PFAS found also strongly depends on the location.
4

The molecules also travel through different water resources and shorter-chained
PFAS also via atmospheric transport even to remote areas like the Arctic (see
figure 2.1) where these molecules were also present to a detectable amount [7, 28].
Melting processes even lead to enrichment in deep ice layers [29]. This means
that the contaminant is ubiquitous around the globe and can influence every
organism that is exposed to it [4]. Therefore, an urgent need of understanding how
these contaminants interfere with biological processes and what their characteristic
properties are, exists. The fact that the contamination level of water resources
with PFAS is driven by industrial waste like in India [24] makes the problem a
political issue with a need for regulations as well.
Despite the attempts to replace PFAS, PFOA and PFAS precursor molecules
can still be found in some consumer products such as fire fighting foam, pesticide
solutions and impregnating agents. Studies from Norway and Germany which are
almost ten years old, indicate that the total concentration of PFAS could add up to
2.6

g
L

in fire fighting foam for exceptional cases and 95

mg
L

in more common products

like impregnating agents. Even then, a trend towards lower PFAS concentrations
was proven for some products but the problem of degradation of precursor products
remains [2, 8, 30].
Although the industry’s production already focuses more on shorter-chained
PFAS because of the known adverse health effects of the longer chains which are
the focus of many studies [9, 31], especially long-chained PFAS still affect nature.
Water treatment systems which could at least improve the quality of the water

5

we use if they filtered out contaminants, have already been examined regarding
their efficiency with respect to PFAS removal. The most successful technique for
all chain lengths was reverse osmosis [4, 32, 33].
PFAS as group of molecules are mostly categorized by their headgroup and
chain length or rather their number of fluorinated carbon atoms which give them
different properties and allows for different impacts on the nature. Hence, most
molecules that belong to this group need to be studied independently although
many studies focus on special ones that were used by the industry to a large extend.
The molecules were already found to accumulate in marine mammals such as whales
and fish. To find out which factors are in favor of the bioaccumulation of PFAS,
their content in different body parts was analyzed and led to the assumption that
the lipid and protein content in the tissue play a key role [11, 12, 34].

2.2

Selected PFAS and Their Properties

Many studies focus on two specific PFAS, namely PFOS and PFOA [13]. These
two are very prevalent in the environment as stated previously. Therefore, these
molecules are also interesting for this thesis. Another advantage is that reference
data are partially available due to extensive research of these molecules. They are
not only persistent in the nature but also in mammalian bodies. PFOS’ half-life
in humans is several years, high exposure is even proven to be fatal for other
species like rats and monkeys. The effect on marine organisms seems to be lower
while especially PFOS bioaccumulates more in the liver and blood of fish than

6

Figure 2.2: Structures of selected PFAS.

PFOA [1, 4, 34].
The shorter version of PFOS, PFHxS with only six instead of eight perfluorinated
carbons is also of special interest since it is found in products and water sources to
a large extend, too [8, 32]. Because of its shorter tail, it is expected to have a less
significant impact on the membranes.
For this thesis, the selected PFAS are PFHxS, Perfluorononanoic acid (PFNA),
PFOA and PFOS. The reason for the choice are firstly the importance and prevalence of these molecules and secondly the possibility to compare PFAS with different
chain lengths but the same headgroups and the other way around.
Structures of the PFAS of interest are illustrated in 2.2 and important information is collected in table 2.1. The Critical micelle concentration (CMC) is a value
that indicates the highest concentration at which the PFAS do not organize into
micells. This value is important because it can be used to rank the hydrophobicity [10] and therefore the drive of the molecules to get to the air-water interface.
An important note is that especially the sulfonates get insoluble before reaching
the CMC [35].
7

Table 2.1: Solubility, vapor pressure, CMC, pKa, molecular formula and number of
(perfluorinated) carbons of selected PFAS. a Insoluble before reaching CMC, b No
other data available, value should be lower than for PFOA in reality [36], N.A.: not
available
solubility
g
[L
]

PFHxS
PFNA
PFOA
PFOS
(K salt)

2.3

1.4
9.5b
4.14
0.570
(pure water)

Vapor
pressure
[P a]
N.A.
1.26
1333 (25°C)
3.31·10−4
(20°C)

CMC
[mM ]a

pKa

Molecular
formula

12 (32°C)
2-2.6
25
7 (32°C)

0.14
-0.21
-0.2
-3.27

C6 HF13 O3 S
C9 HF17 O2
C8 HF15 O2
C8 HF17 O3 S

Fluorinated Ref.
carbons
6
8
7
8

[31, 35, 37, 38]
[34, 36, 38–40]
[36, 38, 41, 42]
[1, 31, 35]

Alcanivorax borkumensis

A. borkumensis is a marine Gram-negative, halophilic, aerobic bacterium that was
discovered near an island called Borkum in the North Sea. The genus Alcanivorax
was defined by Yakimov et al. [15] in 1998 as a non-motile, rod-shaped bacterium
with a width of 0.6-0.8 µm a length of 1-2.5 µm depending on the carbon source.
Growth medium with pyruvate leads to larger bacteria than n-alkanes as a single
source. Its optimal growth temperature is between 20-30 °C. The name of the
genus derived from its ability to degrade hydrocarbons which is characteristic
for the bacterium [15, 43]. It is also biosurfactant-forming like other marine
microorganisms [44] and piezosensitive. Therefore, it is rarely found in the deep-sea
and does not respond well to hydrocarbons in greater depths [45, 46].
The family of Alcanivorax is hydrocarbonoclastic meaning that it can degrade
alkanes. This ability is especially valuable when heavy oil spills occur in the marine
environment. Alcanivorax bacteria become a predominant species if the water is
also supplemented with nitrogen and phosphorus. These substances are known
to be crucial for a significant growth [47, 48]. To examine the bacterium under
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realistic circumstances, Kasai et al. [48] simulated a sea water flow and tidal fluxes.
The growth is also possible without alkanes and fertilizers only even though it
reaches a lower saturation point. The alkanes that can be ingested are especially
n-alkanes and smaller aromatic systems which become less degradable the more
rings they consist of. Alcanivorax was found to be the predominant species even if
other oil-degrading bacteria are present which leads to two different hypotheses.
The first one consists of the assumption that Alcanivorax can degrade a broader
range of hydrocarbons, the second one uses the biosurfactants produced by the
bacterium itself as an explanation. They can be used to enhance the bioavailability
of hydrocarbons for Alcanivorax but not other bacteria. The bioavailability is
increased by emulsification reducing interfacial tension towards the substrate.
These biosurfactants are only produced when the bacterium grows on n-alkanes
[14, 15, 47–49]. Biosurfactants are a phenomenon that occurs for other species, too.
While A. borkumensis produces glucolipids, other bacteria use e.g. lipoproteins,
polymeric or particulate surfactants [44]. It is also proven that biosurfactants
other than its own can have an impact on A. borkumensis’ ability to approach

Figure 2.3: Detectable glucolipids of A. borkumensis, adapted from [43].
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hydrocarbon droplets. This impact can be negative or positive depending on the
charge of the foreign surfactant [50]. Therefore, competition of different species in
alkane-contaminated environments has to be considered, too [51].
The genome of A. borkumensis is also well-studied with the intention of using
the knowledge against pollution in the marine environment and explaining the
metabolism of the bacterium [14, 52]. The analyses led to successful detection of
the sequences for characteristic traits of the bacterium such as the biosurfactant
production, alkane-degradation, and responses to stress factors. The transport
system within the bacterium could also be identified. Structures for carbohydrate
transport which are common in other bacteria could not be determined which
explains why A. borkumensis does not feed on them. The alkanes however, are
ingested by Na+ pumps using the gradient of ions present in the marine environment.
The bacterium also possesses many properties enabling it to adapt quickly to a
changing environment such as sudden oil spills. This leads again to the predominant
growth mentioned previously [14, 15, 47]. The bacterium is especially prevalent in
the early stages after a high amount of hydrocarbons appears [48]. This is one
of the factors which make it a candidate for the targeted environment-friendly
removal of hydrocarbon from contaminated sites. Its enzymes and biosurfactants
are also studied for this purpose as well as microorganisms with similar properties
[44, 47, 50, 53–55]. Additionally to its quick response to the presence of suitable
growth substrate, A. borkumensis can also adapt very well to altering temperatures,
osmotic stress, UV radiation and even toxic molecules [56, 57].
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Figure 2.4: a) Fatty acids of the PGs in A. borkumensis, adapted from [43]. b)
Exemplary phospholipid of A. borkumensis [58].

Abraham et al. [43] studied the lipid composition of different A. borkumensis
strains and found various glucolipid side chain combinations. The most common
one is shown in figure 2.3. The discovered glucolipids are unique and only apparent
in A. borkumensis which is why they can be useful as biomarkers to identify the
bacterium. A possible explanation for the high amount of these glucolipids in the
outer cell membrane is that they might be able to enhance the bioavailability of
alkanes and help to ensure the functioning of the cell membrane. Therefore, the
glucolipids are turned into biosurfactants which are secretions of A. borkumensis.
Unlike the glucolipids, the phospholipids of A. borkumensis were already reported
to be found in other bacteria. For each phospholipid, the two fatty acids were
determined. Three types of PG could be identified and their respective two fatty
acids can be seen in figure 2.4 as well as the structure of an example containing a
C16:0 and C18:1 chain. Yakimov et al. [15] also confirm that the fatty acids found
in the phospholipids of A. borkumensis are C16:0, C16:1 and C18:1. These three
account for 95.7% of the total Phospholipid ester-linked fatty acid (PLFA) amount
11

Figure 2.5: Fatty acids of A. borkumesis depending on the primary carbon source,
adapted from [60].

of the SK2 strain of A. borkumensis. Additionally, other fatty acids are tabulated
in the publication. The headgroups of the phospholipids are less studied but it is
known that bacteria in general have at least 15% anionic lipids although they often
account for a much higher percentage [59].
More recent studies have revealed the impact of the growth medium on the
PLFA composition. Konieczna et al. [60] found that growing A. borkumensis on
diesel, biodiesel or rapeseed oil lead the bacterium to exhibit poly-unsaturated
PLFA like C18:2 and C18:3 [61]. The shift in percentages of the different fatty
acids can be seen in figure 2.5. The comparison of hexadecane and pyruvate as
substrate [62] stresses these findings, too. The most prevalent fatty acids are still
C16:0, C16:1 and C18:1 but their percentages shift toward shorter fatty acids with
hexadecane. Fatty acids add up to 23.2% of the cellular dry weight with pyruvate
as substrate and only 9.2% for hexadecane. Manilla-Perez et al. [63] confirm the
12

Table 2.2: Mobilization of A. borkumensis’ fatty acids in the absence of a carbon
source, adapted from [64].

fatty acid content of about 20% as well.
Besides the type of growth medium, the absence of a carbon source can also
cause a change in the fatty acid composition since they are mobilized to ensure the
survival of the bacterium. Saturated fatty acids are the first ones to be mobilized
and the total fatty acid content decreases dramatically by an average of 60% during
the first 24 h [64].

2.4

Extraction of Bacterial Lipids

For the extraction of lipids from tissue, many protocols exist and they have all in
common that they rely on phase separation of a ternary system with one polar and
one non-polar solvent. In the end, an aqueous and an organic phase are obtained.
The organic phase contains only the lipids [65]. The most established extraction
protocols have been developed by Bligh and Dyer [66] and Folch et al [67, 68]. Both
base on the phase separation of the ternary system chloroform-methanol-water.
The Bligh and Dyer method [66] is illustrated in figure 2.6. First, the tissue is
mixed with a solution of these three components which leads to only one phase
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Figure 2.6: Process of the Bligh and Dyer lipid extraction (one step version),
process according to [66]

(1:2:0.8 v:v:v). Point A in figure 2.7 shows this ratio which relates to a point in
the monophasic region. This initial mixture was confirmed to be a better starting
point than a biphasic mixture because more lipids were obtained in the end. This
was determined by Bligh and Dyer [66] by evaluating different initial compositions.
A homogenization step follows and 100 mL chloroform are added which already
results in phase separation (point B). After another homogenization 100 mL water
are added. The final ratio is 2:2:1.8 v:v:v. The mentioned ratios include the water
present in the cells which is anticipated to be 80% of the cell weight. While the
upper phase of the new biphasic system mostly consists of water and methanol,
the lower phase with mostly chloroform contains only the lipids while other cell
components are trapped in the water-methanol phase. The lipid yield was also
found to be affected by the order of solvent addition. Diluting with chloroform first
and then water is important. Originally, the procedure was intended for fish cells
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Figure 2.7: Ternary phase diagram of chloroform-methanol-water and working
points of the Bligh and Dyer method. T =20 °C, adapted from [66]

but it can easily be adapted to other tissue types. The most important constant is
the volumetric composition of chloroform, methanol and water mentioned before.
To remove undesired tissue residues, the liquids are filtered and the alcoholic
phase aspirated. The extracted lipids were determined to be 93% of the total
lipids. 1% of the lipids were dissolved in the aqueous phase and 5% could not
be extracted from the tissue [66]. Over time, many different variations of this
procedure have been published including procedures that aim at replacing the
solvents with environmentally friendly alternatives.
Booji and van den Berg [69] have modified the solvent composition of the Bligh
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and Dyer method [66]. Chloroform was replaced by Dichloromethane (DCM). Since
these two molecules are similar, the same ratios as for the original method can be
used. The only difference is that the phase separation should be supported using
centrifugation [69]. The application of DCM has important advantages such as
higher safety and lower toxicity and it does not lead to significantly compromised
yields for lipid extractions. Hence, it can be considered a preferable alternative [70].
The importance of methanol is also proven by Booji and van den Berg [69]. Reducing
the amount of methanol by 50% decreases the amount of extracted lipids from
97-99% to only 84-94% although the phases obtained in the end are purer due to
the reduced amount of methanol.
The Water-DCM-Methanol mixture (W/D/M) was even applied with the
bacterium A. borkumensis used in this thesis in combination with sonication as cell
lysis method and again centrifugation to support the phase separation. Afterwards,
the lipid types could be determined which was already described previously [43, 44].
A second variation of the Bligh and Dyer method is the method of Breil et
al. [65]. The chloroform-methanol-water mixture was replaced by an ethyl acetateethanol-water mixture. These replacements were shown to be nearly as effective
as the original solvents providing a greener method of lipid extraction. The tissue
used was obtained from microorganisms.
A method related to the Bligh and Dyer method was developed by Folch et
al. [67] a few years earlier. The main difference is the ratio of the three liquid
components added to the tissue. The first step of the Folch method is to homogenize
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the tissue in a 2:1 (v:v) mixture of chloroform and methanol. The 5-fold amount of
water is then added (end ratio 2:1:15 (v:v:v) chloroform:methanol:water). Therefore
much more water is used which leads to a lower lipid yield [66]. Just like the
Bligh and Dyer method, filtration is used in this method but centrifugation is an
alternative for this step. If centrifugation is used, more methanol must be used
to lower the density of the upper phase sufficiently. Another important point is
the addition of a salts like NaCl or KCl to the mixture. This causes the few lipids
remaining in the aqueous phase to leave this phase as well [67].
Another well-known extraction method is the extraction according to Dambergs
[71] which uses acetone as a solvent instead of chloroform. It is also less efficient
than the Bligh and Dyer method [66]. Over time, even solvent-free methods for
algae have been studied providing advantages like a high product purity and time
efficiency [72].
The previously described methods have in common that the cells have to be
mechanically stressed during the extraction. The recommended duration varies
over a broad range from 3 min [66, 67] up to 10 min [65]. Most of these references
handle much larger sample sizes than the sample size used in this thesis. Some
publications even focus on the effectiveness of different cell-disruption methods with
the intent of extracting lipids from different tissues which include homogenization,
ultrasound, bead beating, the French Press, microwaves and autoclaving. The
investigations have led to very contrary results regarding the best method for the
cell lysis [72–75].
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2.5
2.5.1

Langmuir Monolayers
Creation and Analysis of a Monolayer

The Langmuir trough is an instrument to compress a layer at the air-water interface
evenly and is mostly used for the monolayer compression of amphiphilic molecules as
shown in figure 2.8. Monolayers are a convenient means to analyze membranes since
they have advantages compared to bilayers, this includes a better controllability
and easily variable packing densities [76]. The trough is made of a hydrophobic
material, usually Polytetrafluorethen (PTFE), so that the surface tension forces
the liquid phase to form a convex surface if enough liquid ("subphase") is applied.
This allows for the barriers which are gliding over the trough edges to compress
molecule layers which are trapped on the water surface between the barriers. The
surface pressure π resulting from this compression is the difference between the
surface tension without lipids γ 0 and with lipids γ:

π = γ0 − γ

(2.1)

It changes when the intermolecular forces change and is measured with a Wilhelmy
plate made of filter paper or platinum plate. The lipid monolayer then goes through
different phases (figure 2.8). At a low surface pressure, the molecules are too far
apart to interact significantly which is equivalent to the gas phase. The liquid phase
follows after some time and compression. Interactions get stronger and eventually
the layer gets more rigid which leads to a steep slope in the isotherm. Shortly after,
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Figure 2.8: Surface compression and different phases in the Langmuir trough.

it reaches the solid phase. Eventually, the monolayer collapses.
The barriers move with a speed low enough for the to monolayer interact
with the molecules in the subphase sufficiently. Typical speeds range from 3 to
10

mm
min

[77–80]. The dimensions of the trough must be considered, too, since the

length and width can vary.
Typical applications of the Langmuir trough include lipid-protein interactions.
After spreading the monolayer, proteins can be injected into the subphase [76].
Nanoparticles are also a common application in combination with [81–84] and
without lipids [85]. Different types of experiments which will not be described further
include oscillatory experiments [80] and surface potential measurement [77, 86].

Analysis of Isotherms
The reciprocal of the compressibility, Cs−1 , is called compressibility modulus
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[84, 87, 88], compression modulus [80, 89, 90] or dilational elasticity [82] and is
calculated as [80, 84]:
−1

Cs

dπ
= −A ·
dA

!

(2.2)
T

It is mainly used to describe how resistant a monolayer behaves to compression.
If it is more fluid, the modulus will be lower. If it exceeds the mark of 150

mN
,
m

the solid phase is reached [86]. Estimations about the lipid disordering due to a
changing environment can be made as a result. It can also indicate the previously
mentioned transition point from the Liquid-expanded (LE) to Liquid-condensed
(LC) phase. It appears as a local minimum of this modulus. A disappearing phase
transition is the consequence of fluidization just as the reduction of the maximum
Cs−1 value. Typically, the compressibility modulus is visualized as a function of
the surface pressure [86, 89]
The limiting area per molecule can be determined by using a tangent for the
LC state. The point of intersection of this tangent and the x-axis is the limiting
area per molecule A0 . This value is a characteristic point of the isotherm and gives
an idea about the packing of the monolayer. A higher value is obtained if the
molecules occupy a larger area at dense packing. [86, 91].
Other revealing values that can be analyzed are the surface potential and the
dipole moment. At the beginning of an isotherm, the gas phase, much information
can be drawn from the surface potential. The initial value changes in the presence
of perfluorinated compounds [77].
The exclusion surface pressure is a useful value if the interaction of the monolayer
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with certain molecules is to be examined. It describes the pressure at which the
molecular species is expelled from the monolayer and can be determined with
different methods. The first method is to determine the monolayer thickness
and to compare it to an undisturbed monolayer containing only lipids during
compression [89]. For the second one, the monolayer is fixed at a certain surface
pressure and the target molecule is injected into the subphase. This experiment
is then repeated for multiple surface pressure values and the pressure change is
documented. As soon as the resulting curve (surface pressure change vs. initial
surface pressure) hits zero, the exclusion pressure is found. The time needed for
the system to equilibrate or rather reach a maximum pressure change can vary
from 10 min to 2 h [76, 92–95].
To determine if specific interactions energetically favorable, the excess Gibbs free
energy can be calculated. Therefore, the mean molecular areas of the mixture Āmix
and each component Āi , the mole fractions xi and the change in surface pressure
must be known [84]:

∆GEx
m =

Z π
π−→0

Āmix dπ −

n
X
i=1

xi

Z π
π−→0

Āi dπ

(2.3)

A negative value indicates a favorable state and a positive one is unfavorable. This
provides information provides insight on mixture-related effects and can be drawn
from the isotherms.
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Figure 2.9: (a) Langmuir-Blodgett and (b) Langmuir-Schaefer technique for monolayer deposition [96].

Deposition Techniques
Additionally to the isotherm evaluation, the monolayer can be analyzed by depositing it onto a solid substrate. Two techniques for this deposition are the
Langmuir-Blodgett and the Langmuir-Schaefer technique. For the first, the barriers are closing while the substrate is pulled out or dipped into the subphase
depending on whether it is hydrophilic or hydrophobic. The Langmuir-Schaefer
technique describes a method for which a the substrate is placed horizontally on
the monolayer.
Due to a better feasibility, the Langmuir-Blodgett technique is conducted more
often [85,97]. The obtained layer can be analyzed with different techniques. Imaging
is possible with Atomic force microscopy (AFM), Scanning electron microscopy
(SEM) or fluorescence microscopy [97–99].
Quartz-crystal microbalance (QCM) is a technique which is also used in combination with the monolayer deposition. It allows for the determination of the mass
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change of different components in the film [100].

2.5.2

Brewster Angle Microscopy

The opportunity to observe the compression of a monolayer and phase changes
is provided by the Brewster angle microscopy (BAM) which is able to image the
monolayer as it moves without any additives. This is possible by taking advantage
of the Brewster Angle θB . This angle of 53° is defined by Brewster’s law and uses
the refractive indices n of the media through which the light travels [101]:

tan(θB ) =

nsubphase
nair

(2.4)

The film causes a reflection which is then detected when the polarized light hits
it. The water’s reflection on the other hand reaches its minimum at the Brewster
angle. This creates images with dark (water) and bright (film) sections [101].
The Brewster angle of 53° is applicable for the air-water interface and can
be different for other interfaces. It is also influenced by buffers added to water.
The 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer used for
experiments in this thesis for instance does not have a significant influence on
the refractive index of water. For pure water, the refractive index is 1.3327 at
ambient temperature [102]. It changes to 1.3347 in the presence of at a HEPES
buffer with the concentration of 10 mM [102, 103]. This can be calculated by
linear extrapolation [104] from the reported values for different concentrations.
Considering the refractive index of air which is roughly 1 [105], the angle only
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changes slightly from 53.117° for water to 53.158° for water including the buffer.
This slight change is negligible.

2.6

Properties of Lipid Mono- and Bilayers

With respect to Langmuir monolayers, the question arises which surface pressure
in the trough corresponds to a natural monolayer. Jähnig [106] summarizes the
answer. The true surface tension γ of natural bilayers is zero since the free energy
F is at its minimum with regard to the surface area. To determine the natural
packing density, the intermolecular interactions must be considered as they are the
driving force which determines the distance between the molecules. On the one
hand, the hydrocarbon chains attract each other. On the other hand, hydrophilic
headgroups exhibit a repulsive behavior leading to a lower packing density. In
conclusion, the surface tension can be determined as [106]

dF
dAmembrane

=γ

(2.5)

which means that the surface tension is zero if the derivative of the free energy with
respect to the membrane area becomes zero. According to White [107], this is only
a simplified assumption since other parameters also contribute to the free energy
of the surface. Changes in the volume may also be of interest when minimizing the
free energy. Nevertheless, these changes do not happen to a significant extent since
lateral expansion leads to vertical shrinkage [106, 107].
To obtain the surface pressure which corresponds to a natural bilayer, the value
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Figure 2.10: Phase diagram for DMPC-DMPG monolayer mixtures with a 5 mM
calcium containing subphase [109].

of the surface tension of a hydrocarbon/air interface is used as an explanation. This
leads to the equivalent surface pressure of about 30
publications confirm a value between 30 and 35

mN
m

mN
m

[106]. Multiple different

for fluid monolayers with

optimal packing of the lipids [87, 108].
Lipids can show different behaviors at the air-water interface. While Dipalmitoylphosphatidylcholine (DPPC) for example shows a slight curvature in the middle
of its liquid phase at ambient temperature like in figure 2.8, others like Dimyristoylphosphatidylcholin (DMPC) do not although DMPC-Dimyristoylphosphatidylglycerol
(DMPG) mixtures are known for their changing phase transition behavior close
to room temperature [110]. The resulting "bump" of the transition occurs if the
monolayer rearranges and transitions from the LE to the LC state before reaching
a solid state [86]. These two phases are also referred to as fluid and gel phase,
respectively [80]. The phase transition results from balance of the attracting van
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der Waals forces of the hydrophobic chains and the repulsive forces between the
headgroups. Latter prefer a more expanded monolayer while the alkyl chains prefer
a closer packing. Consequently, comparatively large headgroups are leading to less
dense packing [111]. Kaganer et al. [112] developed a model explaining the collective
tilt of a whole monolayer as a result of different forces as well as the tilt angle
depending on different parameters. Figure 2.10 shows an example of a lipid mixture
and the transition from LE to LC. While liquidus data could be determined from
the isotherms, the solidus data were calculated with a thermodynamic equation
derived from the Gibbs-Duhem equation [109]:



δlnπ
δy


T

=

(y − x)
y(1 − y)

(2.6)

The figure shows clearly at which compositions and surface pressures a phase
transition can be expected. These curves are not only dependent on the temperature
as indicated in equation 2.6 but are also sensitive to changes in the subphase,
especially to the ionic concentrations such as the Ca2+ concentration since they
interact with the headgroups. Differences in both headgroup and hydrophobic tail
must be considered, too since the ratio of alkyl chain and headgroup volume as
well as the charge influence the lipid packing [109].
The phase transition from the LE to LC phase can often be observed with
the BAM as well. First, nucleation leads to the appearance of small bright
spots representing the LC phase. With increasing surface pressure, the nuclei
grow. Shapes of these nuclei can vary depending on the temperature [109, 111].
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Approaches to describe the mechanical properties of the distinct phases include
e.g. a model which defines the membrane as elastic with the LC phase as material
reservoirs [80].

2.7

Impact of PFAS on Biomembranes

In this thesis, the influence of different PFAS on the behavior of lipid monolayers is
to be examined. Some publications exist dealing with the role of the chain length
and headgroups of these components. Model membranes are sometimes chosen
to accomplish this because they are easy to get and the amount of the respective
lipids is known. For the estimation of how different molecules interact with lipid
layers, the Langmuir trough can be used to form model monolayers. But there
are also other methods that are able to give information about the partitioning of
PFAS.
Not many studies exist, describing the impact of PFAS on model membranes.
Matyszewska et al. [77, 86] analyzed the influence of PFOA and PFOS on DMPC,
DPPC and Dimyristoylphosphatidylethanolamine (DMPE) using the Langmuir
trough. Different experiments were conducted to examine how the PFAS interact
with the monolayer. First, monolayers of the lipids were deposited on the air-water
interface in the Langmuir trough. The water contained 0, 10−5 or 10−4

mol
L

of PFAS.

The results for DPPC indicated that PFOS and PFOA interacted differently with
the monolayer. Especially at lower surface pressures, the two molecules tend to
partition into the monolayer. At higher pressures only PFOS still contributes to
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the development of the surface pressure. It is likely that PFOA is driven out of
the monolayer because of its shorter tail and also the different polar group. This
can be seen in the difference of the area per molecule which was described earlier.
It increases in the presence of PFAS. The compressibility modulus also indicates
that PFOA has a smaller influence on the monolayer because the phase transition
to the LC state still occurs for both used concentrations which is reflected by
the local minimum of the compressibility modulus. PFOA however eliminates
the phase transition and therefore contributes more actively to the fluidization
of the monolayer. The decrease of the maximum compressibility modulus is also
an indicator for a more fluid monolayer. PFOA has the same qualitative impact
on DMPC and DMPE as described for DPPC. Because of the nature of DMPC,
the phase transition to the LC state does not occur even for the pure monolayer
without PFAS [77, 86].
The second experiment was only conducted with PFOS and DPPC. Therefore,
a monolayer of DPPC was deposited on water without PFAS first. It was then
compressed up to a certain point (4 and 35

mN
)
m

and PFAS were added. The whole

system was left for 12 h and the surface pressure was monitored. Additionally,
Molecular Dynamics (MD) simulations were used to confirm the results and predict
similar outcomes for DMPC as the monolayer lipid. It was found that PFOS
stabilizes the monolayer that was built before the addition of it and therefore
prevents the surface pressure from dropping significantly more. For the higher
initial pressure of 35

mN
,
m

the surface pressure even increases over time with

28

PFOS [86].
Measurements of the surface potential and dipole moment also indicated stronger
interactions with PFOS than PFOA. Both components cause a faster orientation
of the monolayer. Therefore, the maximum dipole moment is lower and occurs at
larger areas per molecule. The lateral diffusion could also be examined for DMPC
on a subphase containing PFOA. Nuclear Magnetic Resonance (NMR) spectroscopy
indicated an increasing lateral diffusion coefficient which is consistent with the
previous observation of increasing fluidity in the presence of PFOA. One inconsistent
result is a lower lateral diffusion coefficient for low PFOA concentrations [86].
Xie et al. [42] investigated the effect of PFOA on phase transitions of DMPC,
DPPC and Distearoylphosphatidylcholine (DSPC). They assume based on other
studies that the influence of PFOA might depend on the fluidity and transition width
of the lipid arrangement. The conducted Diphenylhexatriene (DPH) anisotropy
experiments revealed an influence of PFOA on the phase transition behavior of all
the lipids included in the study. With increasing amount of PFOA, the temperature
of phase transition decreases and the temperature width of transition increases
due to the lower limiting temperature which decreases, the upper boundary is not
affected. The structure of the lipids did not have any influence on the resulting
partition coefficients, indicating that the chain length for instance is not relevant.
Overall, the relatively high partition coefficient ranging from 1.0-2.1·104 leads to
the conclusion that PFOA easily partitions into bilayers of DMPC, DPPC and
DSPC. The reason is the hydrophobicity of the PFOA tail. The effects of PFAS
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are more extensive the longer the lipid tails are [42].
In conclusion, many references state that PFOA and PFOS interfere with lipid
layers and therefore change the behavior significantly towards higher fluidities.
PFOA and PFOS partition into lipid bilayers and therefore high partition coefficients
[42] as well as changes in mechanical and thermodynamic properties [77, 86] can be
measured. Partitioning is especially easy in an unorganized layer [77].
Membrane interactions and the bioaccumulation in them were already studied
by some research groups. Studies on bacterial membranes include the investigation
of the influence of PFHxS on Pseudomonas [3] which is a bacterium that can even
biodegrade or rather defluorinate some fluorinated sulfonates. Most PFAS however
are extremely resistant to microbial degradation [22, 23]. It was found that e.g. the
PFHxS accumulation in the Pseudomonas cells is more for non-growing cells which
are metabolically active [3].
Live Escherichia coli cells also respond to PFAS. PFOA and PFOS lead to a
decreased growth and a weaker membrane of the bacterium. Oxidative stress and
an altered gene expression were also observed [113].
Studies which take a closer look on the membrane also revealed that an increased
permeability of the membrane is a consequence of present PFAS for Aliivibrio
fischeri even at concentrations which are found in the environment [114]. The
partitioning of PFAS into bilayers was found to depend on the chain length. Longer
hydrophobic tails led to more uptake into the membrane for model and bacterial
membranes. Additionally, the headgroup is relevant as well. PFAS with sulfonate
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headgroups were incorporated easier than with carboxylate headgroups [115].
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3

Methods

3.1

Chemicals and Instruments

The following table 3.1 contains information about the chemicals used for the
experiments in this work. Details about the laboratory equipment are summarized
in table 3.2. For the following investigations, the relevant structures of different
lipids are displayed in figure 3.1.
The PFAS used have purities of >96% (PFOS) [116–121], >96% (PFOA)
[117, 119, 120]. There are no data available for PFHxS and PFNA. Regarding the
purity, it is important to note that the purity does not depend on the presence of
isomers. Branched molecules are known to be a problem in commercially available
PFOS. Chinese products of other companies showed a linear PFOS content of
66-72% but these products had around 20% of other impurities like PFOS as
well [122–124]. No references of isomer amounts in AccuStandard products were
found.

Figure 3.1: Structure of different lipids used for the model membranes
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Table 3.1: Chemicals
g
Chemicals
CAS-Nr.
M [ mol
]
2X ONR7a medium, sterile
Chloroform
67-66-3
119.38
DCM
75-09-2
84.93
DMPC
18194-24-6
677.95
DMPG
953758-30-0 688.85
DOPC
4235-95-4
786.11
DOPG
67254-28-8
797.03
HEPES
7365-45-9
238.3
Methanol
67-56-1
32.04
PFHxS (potassium salt)
355-46-4
400.11
PFNA
375-95-1
464.08
PFOA
335-67-1
414.07
PFOS (potassium salt)
176-23-1
500.13
Sodium chloride
7647-14-5
58.44
Sodium pyruvate
113-24-6
110
UltraPure™DIW
7732-18-5
18.02
Tryptone
73049-73-7
Yeast extract
8013-01-2

3.2
3.2.1

Company
Teknova
Fisher Chemical
Acros Organics
Avanti ®
Avanti ®
Avanti ®
Avanti ®
Sigma-Aldrich
Fisher Chemical
AccuStandard ®
AccuStandard ®
AccuStandard ®
AccuStandard ®
Fisher Chemical
Fisher BioReagents™
Invitrogen™
Fisher BioReagents™
Fisher BioReagents™

Experimental Procedures
Cultivation of Alcanivorax borkumensis

For the following experiments which aim at the investigation of the bacterium
A. borkumensis, strain SK2, it needs to be cultivated first. The growth medium is
obtained in batches of 500 mL by mixing 250 mL UltraPure™ water with 250 mL
artificial seawater (2X ONR7a medium) first. The mixture is then autoclaved.
While stirring, 2 g tryptone, 1.5 g yeast extract and 5 g sodium pyruvate are added.
the mixture is then filtered through a sterile bottle top vacuum filter system from
CORNING®. Therefore, the solution is filled into the upper tank of the filter
system which is then closed. The vacuum is connected to the system and only
applied until the liquid starts dripping through the filter. The vacuum can then be
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Instrument
Air table
Autoclave
Brewster Angle
Microscope
Centrifuge (1)
Centrifuge rotor (1)
Centrifuge (2)
Centrifuge rotor (2)
Homogenizer
Laboratory scales
Langmuir-Blodgett
Trough
UV-Visible/NIR
Spectrophotometer
Pipette Controller
Shaker Table

Table 3.2: Laboratory Equipment
Model
Onyx 7A
Bioclave 16l
MicroBAM

Company
Herzan
Benchmark Scientific
KSV Nima/Biolin Scientific

Megafuge 16R
Fiberlite ™ F15-6x100y
Centrifuge 5430
F-35-6-30
Bio-Gen Pro 2000

Thermo Scientific™ Heraeus
Thermo Scientific™
Eppendorf
Eppendorf
Pro Scientific
Denver Instruments
KSV Nima/Biolin Scientific

Langmuir-Blodgett
Trough, size medium
V-780
Excella E1 Platform Shaker

Jasco
Cole Parmer
New Brunswick Scientific

closed.
First, 125 mL Erlenmeyer flasks covered with aluminum foil are sterilized in an
autoclave. 50 mL growth medium are added to the flasks with a pipette controller
immediately after sterilization. The edges of the flasks are sterilized over a Bunsen
burner flame every time the aluminum foil is removed or put back on. A batch of
500 µL previously frozen bacteria with an OD600 of 1.2 are added to the nutrients
in the Erlenmeyer flask and grown for about 72 h on the platform shaker at ambient
temperature (20 °C) which is in the range of the optimal growth temperature [15].
The speed of the shaker should be chosen high enough to move the whole surface
slightly.
During or after the 72 h, the optical density can be measured with a UV-visible
spectrophotometer and compared to a growth curve of A. borkumensis to determine
how much they have grown. In the end, the OD600 should be around 1.2 which
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Figure 3.2: Process of growing A. borkumensis

indicates the bacterial growth is at the end of the exponential phase. With a
microscope, the bacteria can be imaged to validate their shape and size. An image
is shown in Appendix C1.

3.2.2

Lipid Extraction from Alcanivorax borkumensis

For further experiments with the Langmuir-Blodgett (LB) trough, the cell membrane lipids must be extracted from the grown bacteria. The first procedure was
already used to extract lipids from Escherichia coli by Anaya et al. [83] who used
a method related to the Bligh and Dyer method [66]. The original Bligh and
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Dyer method (chapter 2.4) bases on the phase separation of the ternary system
chloroform-methanol-water and consists of only one extraction stage. The lipids
are the only components accumulating in the organic phase. To shift the lipid
concentration towards the organic phase in favor of the extraction, NaCl is added
to the water as well. Almost all lipids can be removed from the aqueous phase [67].
The modified method uses multiple stages to enhance the yield. In contrast to the
original Bligh and Dyer method, Dichloromethane is used as a less toxic solvent
instead of Chloroform. This has no influence on the ratios of the three liquids but
centrifugation is recommended to help the phase separation [69]. The centrifugation
can also replace the filtration step and NaCl supports the remaining lipids to leave
the aqueous phase [67]. The influence of the changes in the protocol are discussed
at a later point (chapter 4.1).

Method no. 1
The process of the first extraction method is shown in figure 3.3. The first step is
to split the bacteria into aliquots. The bacterial solution which was just grown and
still contains sodium pyruvate is poured into plastic centrifuge containers which
hold 15 mL. The first centrifugation cycle with the THERMO SCIENTIFIC™
HERAEUS Megafuge 16R at a speed of 21,400 g for 15 min follows. Afterwards,
the supernatant can be discarded with a pipette controller. Then, 0.5 mL of a 10

g
L

sodium chloride solution (1%) in Deionized water (DIW) are added as well as 2 mL
of a Dichloromethane-methanol mixture (DCM/M) (1:2 v/v). The sodium chloride

36

Figure 3.3: The first method of lipid extraction from A. borkumensis.

solution was sterilized in the autoclave before use. After adding the solutions, the
pellet is resuspended again by shaking for 15 min. It is left for a 2 h incubation.
After incubation, the second centrifugation at 4,100 g taking 15 min follows.
This time, the supernatant is collected in a 10 mL glass vial. Again, 0.5 mL of
the 10

g
L

sodium chloride solution are added as well as 2 mL of another DCM/M

mixture (2:1 v/v). A second incubation period follows after shaking again for
15 min.
The supernatant of the third centrifugation at 4,100 g for 15 min is collected
in a fresh glass vial. Supernatant number one and two can be combined. After
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adding 1 mL pure DCM and 1 mL of 10

g
L

sodium chloride solution which leads

to phase separation, a funnel separator is used to obtain the bottom phase which
is organic. The organic phase can be collected in a new glass vial that has been
weighed before.
The remaining solvent is to be evaporated under a nitrogen stream. When a
dry film remains, the headspace needs to be flushed with nitrogen again and the
vial can be capped. The vials can be weighed again to note the weight of the lipids
extracted.
If more than 50 mL of bacterial solution are obtained from the growth process,
the samples are to be combined only in the end because the ratios of the other
solutions used to the amount of cells has to be appropriate.

Method no. 2
To improve the first method of lipid extraction described, some adjustments were
made which are shown in figure 3.4. Images of some steps are illustrated in
figure 3.5.
The new protocol starts with an additional washing step of the cells to remove
the growth medium. The centrifuge speed was reduced to be able to centrifuge
bigger batches (50 mL, equals 0.3-0-4 g of wet cells). The speed of 7,000 g (30 min)
was still sufficient to obtain a pellet. A second centrifugation with identical
parameters follows for the pellet which is resuspended in artificial seawater.
Because larger batches were handled, the volume of the NaCl solution and the
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Figure 3.4: The second method of lipid extraction from A. borkumensis.

solvents was doubled to ease the resuspension of the pellets. Hence, the pellet was
resuspended in 2 mL NaCl solution and shaken for a while. Then, the solution was
split into two aliquots and transferred to a short tube in which the homogenizer
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Figure 3.5: Images of different steps of the second extraction method according to
figure 3.4.

probe can be placed. To each of the aliquots, 4 mL DCM/M (1:2 v/v) was
added. The transfer before adding the solvents is necessary because the volumes
might change during mixing. The homogenizer is then applied at the lowest stage
(8,000 rpm) for 60 s. Afterwards, the first incubation step for 2 h follows.
The next centrifugation at a speed of 6,000 g for 15 min results in the supernatant containing a major share of the lipids and the pellet which is washed
out a second time to yield more lipids which were missed in this first stage. The
supernatant (S1) can therefore be collected and the pellet is resuspended in 1 mL
NaCl solution and 4 mL DCM/M (2:1 v/v). Another incubation period of 2 h
follows after shaking the mixture.
The centrifugation step after the last incubation for 15 min at 4000 g results
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in two phases. The upper phase is the aqueous phase as calculated in Appendix
B1 and therefore contains no lipids. It can be discarded and the organic bottom
phase (B1) is combined with the previously collected supernatant (S1). Adding
0.582 mL methanol first and 2.164 mL NaCl solution second results in another
phase separation with an organic bottom phase (Appendix B2). The volumes
were adjusted so that the original Bligh and Dyer [66] ratio of 0.9:1:1 W/D/M
results as the ratio of the final mixture. It is also important that water is added
last. To support the final and therefore most important phase separation, another
centrifugation step is added at 4000 g for 15 min.
Obtaining only the lipids is difficult and different possibilities are discussed
later (chapter 4.1). The method used here was to remove the top phase with a
pipette. Some of the bottom phase may be removed as well as long as all the
top phase is gone afterwards. The bottom phase should then be transferred to
a weighed tube to not have the residue of the aqueous phase in the tube. The
empty tube should already contain nitrogen during weighing because it will contain
pure nitrogen and lipids later. For additional purity, the system can sit for a while
and then be checked for supernatant. After transferring to the fresh tubes, the
solvents can be evaporated. The final weight of the lipids can then be determined
and chloroform is added so that the final lipid concentration is 1

mg
.
mL

Dissolving

the lipids in chloroform has the positive side effect that non-lipid material is not
soluble in it. Additionally, the lipid solution is filtered through a 0.22 micron filter.
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Figure 3.6: (a) Setup of the Langmuir trough and (b) water level in the trough

3.2.3

Creating Isotherms with the Langmuir-Blodgett Trough

The LB trough provides a possibility of analyzing properties of monolayers. The
PTFE trough is hydrophobic and therefore helps to form a convex subphase surface
that reaches over the trough edges. Amphiphilic molecules or particles can be
applied to this surface and the layer compressed by two barriers. The hydrophilic
delrin barriers however stabilize the monolayer. An example of the trough and
barriers is shown in figure 3.6. The length ratio of the edges helps to obtain a large
area for compression.
The LB trough used for the investigations in this thesis is the Langmuir-Blodgett
Deposition Trough (size medium) from KSV NIMA. It has a surface measuring
364x75x4 mm (LxWxH). Subtracting the area that is covered by the barriers, this
adds up to a surface area of 24,000 mm2 . The trough is placed on an air table,
model Onyx 7A from the company HERZAN for passive vibration control and it is
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set up at an air pressure of 30 psi.
Two different types of isotherms will be experimentally created in this thesis.
The first type are isotherms with slow compression of the monolayer. These
experiments take 30 min and are referred to as "compression experiments" [92]
in the following and are illustrated in figure 3.7. The second type are isotherms
generated over 8 h. The monolayer is first compressed up to a certain surface
pressure π and a small volume of PFAS solution is then added to determine how
they are able to partition into a dense layer if they are not present at the surface
from the beginning [86]. These experiments are called "stability experiments" and
shown in figure 3.7. For some of the compression experiments, BAM images were
also taken to examine the monolayer morphology. Specifications of the compression
experiments such as the subphase composition and volume of lipid solution applied
are listed in table 3.3, the stability experiments are shown in table 3.4. One
variation of the compression experiments are isotherms without lipids to determine
how PFAS behave without lipids on the air-water interface (see figure 3.7c).
The examined monolayers are the bacterial lipid extract from the membrane
on the one hand and simplified model membranes on the other hand. These
model membranes consist of pure DMPC, Dioleoylphosphatidylcholine (DOPC)
or DMPC/DMPG and DOPC/Dioleoylphosphatidylglycerol (DOPG) mixtures
(DMPC-DMPG (85%/15%) (M8515), DMPC-DMPG (70%/30%) (M7030), DOPCDOPG (85%/15%) (O8515), DOPC-DOPG (70%/30%) (O7030)). The first set has
hydrophobic tails that are monounsaturated and longer than those of the second set
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Figure 3.7: Different types of Langmuir experiments. a) Compression experiments,
1. Application of lipids on PFAS-containing subphase, 2. Compress barriers. b) Stability experiments, 1. Application of monolayer on PFAS-free subphase, 2. Compress
until reaching π=35 mN
, 3. Inject PFAS, 4. Wait 8 h. c) Isotherms without lipids,
m
1. Inject PFAS after zeroing surface pressure, 2. Compress barriers.

which is saturated as it can be seen in figure 3.1. It is important to understand the
influence of these two characteristics and therefore, these lipids are to be compared.
The headgroups of Phosphatidylcholine (PC) and PG lipids are also differently
charged and influence the behavior of the monolayer which is why the proportional
PG content is varied. The membrane lipids of A. borkumensis are also expected to
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Table 3.3: Number of replicates for the individual Langmuir compression experiments for different subphases.
No PFAS
PFHxS
PFNA
PFOA
PFOS
V L [µL],

10−4 M
5·10−5 M
10−5 M
10−4 M
5·10−5 M
10−5 M
10−4 M
5·10−5 M
10−5 M
10−4 M
5·10−5 M
10−5 M
g
1 L

DOPC
3
3
3
24

O8515
3
3
3
24

O7030
3
3
3
23

DMPC
3
3
3
25

M8515
3
3
3
25

M7030
3
3
3
25

AB
3
3
3
3
3
3
3
3
3
3
3
3
3
60

No lipids
2
2
2
2
2
-

Table 3.4: Number of replicates for the individual Langmuir stability experiments
for different subphases.
No PFAS
PFHxS 10−5 M
PFNA 10−5 M
PFOA 10−5 M
PFOS 10−5 M
Initial pi [ mN
m ]
V L [µL], 1 Lg

DOPC
2
2
35
24

O7030

2
2
35
23

DMPC
2
2
35
25

M7030

2
2
35
25

AB
2
2
2
2
2
35
60

have different tail lengths even in one molecule (figure 2.4). Some of them might be
unsaturated as well which is why it is important to look at simplified cases before
a more complex system can be assessed.

Generating an Isotherm
The process of the isotherm determination can be seen in figure 3.8. All experiments
were conducted at 20 °C. First, the trough needs to be cleaned. Therefore, the
trough and barriers are rinsed with ethanol three times. DIW with 10 mM
HEPES buffer is added to the trough as subphase. The concentration is typical
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Figure 3.8: Process of Langmuir isotherm generation.

for such applications and this exact buffer was chosen because it is more effective
in stabilizing the pH value than other buffers. Additionally, its pH value range is
exactly within the environmentally relevant range of 7-7.5 [87, 94, 102, 125–127].
For compression experiments, the subphase can contain specific concentrations
of PFAS. The height of the convex water surface has to be at least above the
edges of the trough to trap the lipids at the interface later. For the trough model
used, a subphase volume of 190 mL is optimal. Additional 20 mL are applied for
experiments that are left over a longer period to keep the lipid interphase intact. If
the volume is not sufficient, this might cause evaporation of the subphase extensive
enough to break the surface because of the hydrophobic nature of the trough and a
low water level (see figure 3.9). This falsifies the results and needs to be prevented.
After loading the software, the paper Wilhelmy plate from NANOSCIENCE
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Figure 3.9: Evaporation of the subphase after 15 h with low starting volume.

INSTRUMENTS can be placed on a hook and is lowered so that it barely touches
the water surface. The surface pressure is now shown at the display and can be
set to zero as the important value of the measurement will be the difference of the
surface pressure of only the subphase and during the experiment. It is important
to open the barriers completely and set their position to zero. Otherwise the
calculations of the software might be wrong as it considers the barriers entirely
open at a position zero but it also sets the position zero when the software is started
although they can be at any position at this point. A 10 min waiting period follows
so there is time for the water to equilibrate. It is also a precautionary measure
so that possible surface active residues have time to arrive at the interface [128].
Fluctuations of the surface pressure less than 0.3

mN
m

indicate the equilibrium. Now

the barriers can be compressed so that the area between them is roughly 20-30%
of the entire surface area. If the value of the surface pressure varies less than
0.3

mN
,
m

the trough and the water surface can be considered very clean. A vacuum

sucker is used to clean the water surface from dust. The barriers are opened after
this process and it can be repeated until the surface is clean. It is also important
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to replace the lost volume of the subphase. This step and the possible resulting
contamination with new dust can be avoided if a little more water is added to the
trough in the beginning. If the surface pressure fluctuates too much, the whole
cleaning process must be repeated. The cleanliness and stability of the pressure
value accuracy during compression is extremely important to avoid the influence of
e.g. dust or possible surfactant contamination from wiping the trough [128].
The constant surface pressure can now be set to zero again and the lipids which
are dissolved in chloroform at a typical concentration of 1

g
L

[82, 86, 129] are added

using a Hamilton syringe of 50 µL volume which is cleaned with ethanol previously.
To add the lipids, little droplets are formed at the tip of the syringe. They can be
applied by carefully touching the surface not disrupting it too much. The droplets
must be spread over the whole surface between the barriers. The respective volume
spread for each experiment is shown in tables 3.3 and 3.4. For different lipid types,
different volumes of lipid solution must be applied depending on the typical area
one molecule occupies in the gas phase or rather in an entirely relaxed gas phase
so that the surface pressure is ideally not affected by the addition of the solution.
The molecules should not interact with each other yet. Nevertheless, enough lipids
must be applied so that a collapse can take place during the compression of the
monolayer. Sometimes these two conditions are in conflict. In case they are, it is
more important to record the collapse point since this part of the isotherm provides
more relevant information. While adding the solution, small fluctuations can occur
for some seconds because of the solvent evaporation or small disruptions caused by
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the lipid spreading. Another waiting period of 15 min follows to let the solvent
evaporate and the lipids spread.
In the menu, "Iso" which stands for isotherm is selected. Specifications can then
be added such as the name and molecular weight of the molecule which is applied
on the interface. Its concentration and the volume of the solution are also necessary for the program to calculate the area per molecule. After confirmation of the
molecule specific information, the specifications of the measurement must be chosen.

Settings for Compression Experiments
The barrier speed is set to 3

mm
min

(225

mm2
).
min

This allows for the interphase to

stay closer to an equilibrium than by using a higher speed causing a larger kinetic
influence. For the x-axis of the displayed graph "Mma [Å2 ]" (mean molecular area)
is selected and for the y-axis "SP [ mN
]" (surface pressure). The graph is only shown
m
during the experiment and has no influence on the information recorded. The
interval for saving data points is set to 10 s. The measurement can then be started
and the generation of one isotherm takes about 30-40 min. There are two ways
to stop the measurement. The first one is to specify an abort criterion such as
the barrier position. The second one is to manually stop the experiment after the
collapse of the monolayer occurred. This can be identified by a rapid decrease of
the surface pressure. Each isotherm needs to be confirmed in triplicate.
Settings for Stability Experiments
For the stability experiments, the barrier speed needs to be zero and the graph
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should show the surface pressure ("SP [ mN
]") as a function of the time in minutes.
m
The software does not provide a direct feature to monitor the surface pressure
over time. Therefore, the abort criterion "Manual" is selected. It is important
that "Rec On" (recording on) is hit. Otherwise there is no possibility to save the
results in the end. Before starting the experiment, the barriers must be compressed
using the control panel until the surface pressure reaches the desired initial surface
pressure specified in table 3.4. The value needs to be stable enough that is does not
drop significantly after stopping the barriers. When the initial pressure is reached,
the experiment can be started. Right after the start, the PFAS solution can be
added using a syringe. It is injected into the water outside the barriers so the
monolayer is not disrupted. The addition of the volumes applied have shown not
to alter the surface pressure significantly (less than 0.2

mN
).
m

For all PFAS, solutions with a concentration of 1 mM were used which is in
the solubility range of all applied molecules in pure water (table 2.1). The HEPES
buffer even increases this solubility for at least PFOS which has the lowest solubility slightly [130]. To obtain the final concentration of 10−5 M , 2.1 mL are applied.

Isotherms Without Lipids
Isotherms with only a PFAS containing subphase were used to study the PFAS
arrangement at the air-water interface. Therefore, the trough was first filled with
170 mL DIW including 10 mM HEPES. Because the highest concentration used
for the compression experiments is to be studied, a large volume of 19 mL (concen-
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Figure 3.10: Setup of the BAM and beam deflection.

tration 1 mM ) is added of each PFAS, respectively. After adding the PFAS, the
system was allowed to equilibrate for 15 min.

Brewster Angle Microscopy
The Brewster Angle Microscope is a convenient instrument to show the monolayer
in the Langmuir trough during compression. Before images can be taken, a black
glass plate is placed in the trough before the addition of the subphase as in figure 3.10. It has a tilted surface and is needed to deviate the laser beam that is not
reflected by a monolayer. The water surface not covered by lipids therefore turns
out as a black surface on the image. After adding the subphase, the MicroBAM
from KSV NIMA can be placed above the trough with the laser beam aiming at
the mentioned tilted portion (tilted in direction towards BAM) of the glass plate.
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The laser beam can now be turned on and the knob on top of the BAM must be
turned to open the cover of the beam. After loading the software, the live image
can be seen and the camera and laser unit of the instrument is lowered manually
so the distance to the water surface is about 4-5 mm. It is important to make sure
the beam always stays above the glass plate. The height of the camera unit has to
be adjusted further so that no semicircle can be seen in the upper or lower half
of the image. This would indicate that the distance to the surface is not correct.
The water portion of the image should appear dark. The camera settings can also
be adjusted if necessary. All the adjustment steps have to be completed before
spreading the monolayer so the measurement is not compromised. Because the
monolayer will be in the gas phase after spreading, the correct camera adjustment
cannot be verified then but it can be during application of the monolayer. For a
short moment, domains should be visible rushing over the surface before spreading
into the gas phase as in Appendix C2. During the experiment, images can be taken
by pressing "Grab" and then saving them manually.
The Brewster Angle is an angle that is valid for water as subphase. In all
experiments, a HEPES buffer with the concentration 10 mM is used. Considering
a changed refractive index, the angle can be calculated again but does not change
significantly (chapter 2.5.2).
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Figure 3.11: Tangent determined by a Matlab script.

3.3

Analysis of the Langmuir Results

The isotherms obtained from the Langmuir trough will be represented by a mean
isotherm with 500 data points and its standard error created with the OriginPro
(version 2020b) analysis function "Average Multiple Curves". The error will be
visualized as a lighter band around the isotherms. Small errors sometimes lead to
non-visible bands. Symbols were also added to the curves at every 50th data point.
For the compressibility modulus, fits and their mean are determined including their
errors.
For the stability isotherms, a two-tailed t-test for unequal variance was conducted for the data points every hour.
Other plots included the collapse pressure depending on the PFAS concentration
in the subphase. Errors were included as bars and a linear fit was plotted as well.
The length scales of the BAM images could be inserted according to the
information of the manual that one pixel equals 5.6 µm.
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Possible explanations for the results were visualized with BioRender.
The turning point of the isotherms is a characteristic point at which a tangent
has to be drawn. This tangent intersects with the x-axis at a point called limiting
molecular area (chapter 2.5.1). A Matlab script was written using Matlab 2020a
shown in Appendix A to determine and display the relevant points. A custom
amount of matrices can be entered and processed per run. The script then calculates
the steepest point and saves graphs of the respective data set. These graphs show
the tangent. This ensures that the program chooses the correct turning point since
there can be more than one due to a rearrangement of the monolayer which can be
seen in figure 3.11.
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4

Results and Discussion

4.1

Discussion of the Different Extraction Methods

Two different extraction protocols were applied to extract the lipids of A. borkumensis. The first one exhibited multiple problems which might result from a missing
cell lysis step. Most extraction protocols in the literature use a method to shear
and break the cells open [65–69]. In this case, a homogenizer was applied for the
second protocol. Other adjustments include changes in the solvent volume ratios
to achieve a W/D/M volume ratio of 0.9:1:1 according to the Bligh and Dyer
method [66]. Instead of chloroform, DCM was used. Therefore, the organic phase
is DCM rich instead of chloroform rich. The influence of this change will also be
discussed.
All three extraction methods and their resulting systems can be seen in figure 4.1.

Homogenization
To ensure cell lysis which leads to access to the membrane lipids, a homogenization
step was added to the original procedure. This step was included after the first
resuspension in solvents (step 6, figure 3.4). Hence, the solvents can already
blend into the cells as they get sheared. The duration of 60 s was shorter than
in other comparable procedures which use a homogenization or blending step in
solvents [65, 66]. This is because evaporation of the solvents should be avoided as
far as possible. The low volumes are expected to be more sensitive to the influence
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Figure 4.1: Different extraction methods and resulting phase ratios. Phase names
according to ternary phase diagram of each method, respectively.

of evaporation but also to be faster to homogenize. Significant evaporation during
blending has already been reported to cause problems [69].
The main reason for the addition of this step was that the old protocol did
not lead to a product. A reason for this could have been the use of the aqueous
second supernatant (S2) to the first one (S1) instead of using the bottom phase
(B1) which is the organic phase.

Solvents Used and Their Volume Ratios
One major point of the changes made, was the ratio of the solvent volumes. In the
end, the second extraction method which was successful and used for the lipids
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Figure 4.2: Ternary W/D/M system adapted from [131] and the working points of
the first extraction method. T =20 °C.
obtained in this thesis was adjusted to the Bligh and Dyer [66] method. The phase
diagram of the first unsuccessful method can be seen in figure 4.2.
The main problem with the end system is not the phase composition of the
solvents in the end. While the first supernatant (S1) is clearly in the monophasic
region, the end system (point D) is within the biphasic region. Therefore, composition D causes a phase separation into the phases E (organic) and F (aqueous).
Because point D is closer to point F, phase F will be larger than phase E. It is also
the top phase because of the lower density (Appendix B2).
The addition of the second supernatant (S2) after the last centrifugation
(figure 4.1) to S1 is the major issue of the end system because S2 is aqueous and
therefore contains no lipids but only other cell material which contaminates the
end system. Therefore, the lipids from the corresponding organic phase (B1) were
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Figure 4.3: Ternary W/D/M system adapted from [131] and the working points of
the successful extraction method. T =20 °C.
not available. Only the lipids of the first supernatant were present in the end
system. Due to the missing homogenization step, this amount might not have been
sufficient. In theory, the system even has a purer organic phase than the successful
method with ratios according to Bligh and Dyer [66]. This can be read from the
tie-lines in the respective phase diagrams (figure 4.3 and 4.2). Higher tie-lines
with more methanol usually exhibit more extensive impurities in the respective
phases. The impurities in the end system of the new method might be due to the
replacement of chloroform with DCM since the phase diagrams differ (figure 2.7).
This is a compromise which leads to higher safety for the operator during the
extraction due to less toxicity of the new solvent DCM. It also does not seem to
have a significant effect on the results [69]. According to Folch et al. [67], the Folch
method using the same solvents as the Bligh and Dyer method does not exhibit a
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pure organic phase as well and still leads to sufficient yields.
To make up for these impurities, NaCl was added to the water prior to the
extraction. This drives the lipids even more into the organic phase. Other salts
such as CaCl can also be used for this purpose [67].
The problem of the contamination with undesired cell material can be avoided
if the bottom phase (B1) rather than the supernatant (S2) is combined with the
first supernatant (S2) after the last centrifugation. This was done for the final
method in figure 4.3 but it was also calculated what would happen if the final
volume additions were kept like in the original method no. 1 (see middle path
figure 4.1 and Appendix B). As a result, the same purities as in the first method
would result which can be read from figure 4.2 and 4.4. The difference is that
the lipids from the bottom phase would be available in the final system and cell
residues were discarded.
If the solvent volumes added to the final system are adjusted to the Bligh
and Dyer ratios [66], point D lies on a different tie-line (figure 4.3). According
to the calculations (Appendix B2), the organic phase should only be 1.2756 mL.
In reality, it could be observed that it was larger. One of the major concerns
with this extraction method was evaporation which would have had the opposite
effect because only the organic solvents would have evaporated and the ratio would
have shifted in favor of the water. This leads to the conclusion that either the
calculations were off (e.g. tie-lines were inaccurate) or that the borders of the
biphasic system in the diagram are wrong. According to Huemer et al. [132], the

59

Figure 4.4: Ternary W/D/M system adapted from [131] and the working points of
the first extraction method with the second bottom phase (B1) in the final system
instead of the second supernatant (S2). T =20 °C.

borders of this system can vary depending on the source. The phase diagram can
be found in Appendix C3. Especially the region for high DCM contents can look
very different which affect the theoretical purity of the organic phase. Therefore, a
larger organic volume is likely to indicate a purer phase since the tie line to the
right of point D would be longer for higher purities (figure 4.3) which shifts the
volume ratio of the phases. These inaccuracies of the phase diagrams could be the
reason for the diverging values. For the calculations, the diagram of Kabouche et
al. [131] was chosen because it contains experimental and calculated values. It is
also more recent literature.

Miscellaneous Minor Changes
The funnel separator used for the first extraction method was avoided for the
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second one. The additional transfer is unnecessary if a pipette is used accurately
and can avoid material loss.
To support the phase separation of the final system, an additional centrifugation
step is used. Especially with DCM it is recommended to force the separation even
more (see chapter 2.4).
An adjustment for higher accuracy is that the tubes used at the end to weigh
out the lipids are flushed with nitrogen before the initial weight without lipids
is determined. The difference in the densities of pure nitrogen and air can be
calculated to have a significant impact on the result. The density difference is
0.0382

kg
m3

(ρDryAir =1.189

kg
m3

and ρN2 =1.1508

tube, the weight difference is 0.573

mg
tube

kg
m3

at 20 °C) [133]. Using a 15 mL

which might be even more if humidity of

the air is considered. With lipid weights in the range of 4

mg
tube

(Appendix D1),

these deviations makes a difference.

Lipid Yield
The lipid yield of single tubes is tabulated in Appendix D1. The average weight
of the first pellet is 367.4 g while the average weight of the lipids is 3.52 mg.
Thus, 0.9562% of the initial wet cell weight were extracted as lipids. According to
Kalscheuer et al. [62] up to 23% of the dry cell weight are fatty acids. Assuming
80% water content of the wet cells [66], the dry cell weight of the pellet is 73.94 mg
and the lipids then account for 4.7% which is a much lower yield than expected
but it is still sufficient for the applications in this thesis. An explanation for this
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low yield could be that the wet pellet contains more water than just the water of
the cells themselves. The supernatant was removed carefully with a pipette leaving
water behind rather than removing pellet material.
Despite changes made to obtain accurate results, the measured weights are
not entirely reliable because the laboratory scale exhibited too much measurement
uncertainty in the weights. Nevertheless, these values are rough reference values.
Since many references state that such two-stage extractions like in this thesis
yield about 95% of the extractable lipids in the first stage [66, 134], it is possible
to strike out the second stage. This save multiple hours of time considering that
it takes much less time to grow more bacteria than to extract even the last lipids
left in the mixture. If the second stage is to be left out, new calculations of the
solvents added in the end may be due.

4.2

Environmental Influences on the Langmuir Trough

Despite the measures against water-air interface disruptions, pressure deviations
occurred invalidating between 30 and 80% of the recorded isotherms in the early
stages of this thesis depending on different circumstances. These disruptions are
defined as sudden pressure drops, increases or vibrations of more than 0.5

mN
.
m

An

air table was installed before the first experiment in an acrylic glass box. The
Langmuir trough was placed on top of it.
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Table 4.1: Possible causes for surface pressure deviations and investigation plan.
Possible Origin
Test
Building
- Monitor the surface pressure when no experiments are running
- Analyze the time and weekday dependency
Pressure monitoring system - Monitor the surface pressure over time
Human movement
- Leave the room during experiment
- Conduct experiments when no other person is
in the laboratory
Ventilation system
- Tape or seal all gaps of the acrylic glass box
- Put a box around the Langmuir trough
Monolayer
- Monitor the surface pressure over long time with
and without barrier movement
Overlap of different origins - Document the type and magnitude of the
pressure changes
Possible Causes of Disruptions and Investigation Plan
To determine possible causes of the disruptions, a log was kept, describing different
characteristics like the surface pressure, barrier position, time, day of the week and
the lipid type and subphase used. Different ideas and tests to narrow down the
cause of sudden surface pressure changes are shown in table 4.1.

Building Technology
Other systems such as the air conditioning system or pumps were also suspected to
cause minimal disruptions. A key point of the investigation regarding the possible
origin is the time of the day and the weekday. Since the systems in the facility
are unknown and other laboratories and their instruments could have an impact,
night work in the laboratory is an easy way to find out whether the circumstances
change. Also, monitoring the surface pressure over the time no experiments are
conducted, can reveal possible time slots in which less disruptions occur.
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Monitoring of the surface pressure showed that less vibrations occur during
the monitoring experiments over night. This means the building technology could
be the problem but also that the barrier movement is a possible cause since the
barriers were fixed at one position. Experiments monitoring the surface pressure
with the typical barrier movement (back and forth for hours) contradict the theory
of the barrier movement influence since no major disruptions could be proven.
Nevertheless, the shorter experiments for which the surface is compressed only
once, still show a greater count of pressure drops. It is possible that this is because
they were mostly recorded during typical working hours. There were also days at
which no pressure drops could be seen. This means it is possible that the facility
and its technology had an impact on the Langmuir trough.

Pressure Monitoring System
Like indicated before, the barrier movement was suspected to be a cause for pressure drops. Another factor that also belongs to the trough system is the pressure
monitoring system. The only way to investigate this possible cause is by ruling out
the others and finding out if the pressure drops are random.
The pressure monitoring system is not likely to be the reason for pressure deviations because there have been longer periods without any disturbances indicating
that the system did not fail.
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Human Movement
The human movement inside the laboratory is a factor that could easily be avoided.
During the experiments to investigate this influence, no person was present, the
experiments were started and the room and floor were left.
The result was that disturbances occur despite the absence of an operator. To
lower the influence of other possible factors these trials were carried out outside
the typical working hours. Nevertheless, it must be noted, that movement can in
fact have a major impact as it could be seen in past experiments. Stamping or
even uncareful use of the computer next to the instrument could be disrupting.

Ventilation System
The laboratory in which the experiments were conducted is very well-ventilated
and therefore, the Langmuir trough results are likely to be disturbed by the air
movement. Measures against the influence of the ventilation were to seal the gaps
of the acrylic glass box that surrounded the trough with tape. Additionally, a
cardboard box was placed on top of the trough.
After these adjustments and a further elevation of the air table the trough is
placed on, there were no other pressure drops recorded. The box was used for all
following experiments as a precautionary measure in case the ventilation caused
the occurring pressure drops. It is very likely that most vibrations that lasted for
minutes were caused by it since the pressure was sometimes extremely unstable
when the front flap was opened carefully. This major influence is due to the location
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of the instrument in a very well-ventilated laboratory. No spot in the laboratory
would lower the impact of the ventilation which is why the instrument was not
moved.

Monolayer
To rule out that sudden changes in the monolayer morphology cause the pressure
deviations, the experiments conducted previously can be analyzed. Cycling barriers with a monolayer did not exhibit a different number of disturbances than
experiments without a monolayer. The second indicator that the monolayer is not
problematic, is that the literature only provides smooth isotherms and does not
mention such sudden reorganization of the monolayer.

Consequences for the Experimental Protocol
Against general fluctuations, the airtight box will be used for the experiments. It
also prevents from possible larger disruptions caused by the ventilation system.
The gaps of the acrylic box also stayed sealed.
All in all, it is important to note that the results in this thesis are not affected
by the disruptions discussed in this chapter since these are easily recognizable and
show a significant deviation from smooth isotherms. Isotherms exhibiting such
deviations are not included in the evaluations.
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Other Circumstances That Can Falsify Isotherms
As it could be seen, the trough system is extremely sensitive to its environment.
Additionally to the previously mentioned possible disruptive causes, other circumstances that can falsify results are worth consideration when analyzing isotherms.
These include:
• Evaporation (for stability experiments). It leads to a lower volume and
therefore the monitored surface pressure changes. It is also possible that
lipids get dragged onto the Wilhelmy plate if water evaporates from the
soaked plate and new water is drawn into it.
• Temperature fluctuations
• Inaccuracy of the laboratory scales (is located in the fume hood because of
health concerns with PFAS and has an accuracy of only 0.01 mg)
• Disruption of the monolayer while applying
• Human error when measuring the extremely small volume of the lipid solution

4.3

Isotherms Without Monolayer

To understand the behavior of a monolayer on a subphase containing PFAS, it
must be examined how the subphase behaves without the addition of the monolayer
first. Therefore, the PFAS were added to a pure water subphase including the
HEPES buffer. The air-water interface was then compressed like for the rest of the
compression experiments with monolayer.
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Figure 4.5: Isotherms of PFAS without a lipid monolayer

Figure 4.6: Compression of the PFAS monolayer below (a) and above (b) the
saturation point.

Two different types of isotherms presented in figure 4.5 could be observed for
the four different PFAS examined in this thesis. On the one hand, flat isotherms
at high surface pressures were recorded for PFOS and PFNA at about 11.5 and
13.5

mN
.
m

On the other hand s-shaped curves were created with PFOA and PFHxS

which range from 1.5 to 10.5

mN
.
m

A blue reference line represents the surface

pressure increase by a volume addition without PFAS since it was necessary to
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Table 4.2: Partition coefficient logP , number of fluorinated carbons, van der Waals
volume V vdW and surface AvdW , polar surface AP and percentage of polar area
of the PFAS and model membrane lipids used, a predicted with Marvin Sketch
(Version 20.11) b Consensus method
Molecule
PFHxS
PFNA
PFOA
PFOS
DMPC
DMPG
DOPC
DOPG

logP
[-]ab
1.65
2.28
1.58
3.05
8.36
6.78
11.19
9.62

Fluorinated
carbons
6
8
7
8
-

V vdW
[Å3 ]a
220.74
258.41
231.26
275.1
716.06
681.99
836.22
802.67

AP
[Å2 ]a
57.2
40.13
40.13
57.2
111.19
151.65
111.19
151.65

AvdW
[Å2 ]a
364.7
414.64
374.64
449.92
1284.08
1204.28
1471.67
1393.75

AvdW
AP

[%]
15.68
9.68
10.7
12.7
8.66
12.59
7.56
10.9

add larger volumes (19 mL) of PFAS solution due to a low solubility of PFOS
(chapter 3.2.3). Therefore, the value of this line (about 0.5

mN
)
m

can be subtracted

from all other isotherms. The relatively large error bands of the isotherms are most
likely due to experimental error or non-ideal circumstances such as the process of
volume addition or concentration fluctuations within highly concentrated solution.
Nevertheless, the qualitative development is still very clear. In table 4.2, the
predicted partition coefficient is tabulated. It is noticeable that a high initial
surface pressure in the isotherm comes along with a high partition coefficient since
the larger influence of the hydrophobic tail causes thePFAS to accumulate at the
air-water interface. The length of these fluorinated tails plays a dominating role
and is also tabulated.
The two different isotherm types in figure 4.5 can be explained with figure 4.6.
The surface pressure increases up to a point where the surface is packed with
molecules which is represented by figure a. Figure b shows that some molecules
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are expelled from the surface when it is compressed when the surface is saturated.
Another possible theory is that the layer of molecules collapses. An argument
against this however is that the isotherms are very continuous and no abrupt
pressure drops occur. The surface pressures even still increase slightly which means
that the surface gets compressed faster than the molecules are pushed away from
the interface. The surface activity which can be observed for PFOA is close to
values found in the literature. On pure water, the presence of 10−4 M PFOA was
determined to cause a drop of surface tension of 3.5

mN
m

[135] which is about the

pressure increase measured for the start of the PFOA isotherm in this work. As for
the potassium salt of PFOS, a lower surface activity is mentioned in the literature.
The tension drop is only 8

mN
m

[135] while the isotherm in figure 4.5 shows a higher

surface pressure. One possible reason for this difference might be that the water is
buffered in this case.

4.4

Influence of PFOA and PFOS on the Model Membrane

Before the interaction of bacterial lipids and PFAS can be understood, the influence
of different phospholipid headgroups, chain lengths and unsaturated carbons have
to be determined. Therefore, different types of experiments were conducted focusing
on the penetration of a compressed monolayer or the partitioning of PFAS into a
layer that is getting compressed over time. DMPC and DMPG were used as a first
lipid mixture and DOPC and DOPG as a second.
Since natural monolayers have an equivalent surface pressure of 35
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mN
m

(chap-

ter 2.6), it is reasonable to expose a compressed monolayer of this certain surface
pressure to PFAS over time to simulate the exposure of a natural membrane lipids
in a contaminated environment in a simplified way.

4.4.1

Properties of the Model Membrane

DMPC and DMPG have their hydrophobic tail consisting of two saturated C14
fatty acids in common (figure 3.1) whereas their headgroups are different. PC
lipids have a headgroup with balancing charges, the PG headgroup on the contrary
is anionic.
Similar to DMPC and DMPG, the tail structure of DOPC and DOPG is
the same. Both fatty acids are monounsaturated C18 chains. The two different
headgroups are PC and PG again.
For all experiments of the model membrane, a PFAS concentration of 10−4 M
was used. Given the fact that the trough is made of PTFE which has a similar
structure as the PFAS, interaction might be possible but no evidence about this was
found in literature especially in the publications dealing with Langmuir experiments.
Since the results showed interaction of the monolayer and the PFAS which will be
presented in the following chapters, interactions with PTFE would not have had
an influence on the qualitative results.
For the compression experiments, PFOA and PFOS were added to the subphase
at a concentration of 10−4 M . The isotherms of the DMPC-DMPG mixtures are
shown in figure 4.7. With increasing DMPG content, the isotherms without added
PFAS become steeper and a phase transition from the LE to LC phase can be
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Figure 4.7: Isotherms of (a) DMPC, (b) M8515 and (c) M7030 on different
subphases.

observed which is indicated by the bump around 25-30

mN
.
m

This observation is

consistent with the literature which was described in chapter 2.6 [109]. The start of
pressure increase (from π=0 mN
) is also shifted towards larger areas per molecule
m
with higher DMPG although the PG headgroup is smaller (see table 4.2). The reasons for this might be that the different headgroups have different orientations and
that there are repulsive electrostatic forces present [93]. However, the development
of the collapse point on different subphases does not follow a clear pattern. Only a
certain decrease of the collapse point due to PFOS addition to the subphase can
be noted. In general, the isotherms with PFAS flatten and the impact of PFOA is
less than of PFOS. The flattening effect is accompanied by an intersection of the
isotherm with PFAS and the control isotherm. This intersection also shifts towards
higher surface pressure with increasing PG content. The initial surface pressures
with a subphase containing PFAS are also important spots to point out since the
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Figure 4.8: Isotherms of (a) DOPC, (b) O8515 and (c) O7030 on different subphases.

water surface is already partially covered with PFAS. This phenomenon has already
been dealt with in chapter 4.3. An important side note is that the surface pressure
for the isotherms in this chapter was zeroed before the lipid addition so that the
pressure increase from chapter 4.3 does not play a role other than the fact that the
surface is packed with PFAS.
The control isotherm of only DOPC in figure 4.8 shows good agreement with
isotherms available in the literature [81]. With PFOS, the isotherms of DOPC and
DOPG exhibit a significant decrease in the collapse pressure for subphases with
PFOS. However, there is no phase transition from LE to LC in any case. This was
to be expected since the double bond in the fatty acids of DOPC and DOPG leads
to a different, less rigid packing behavior lowering the compressibility modulus in
general.
To assess the characteristics of the isotherms for the DMPC-DMPG mixture,
the compressibility modulus from figure 4.9 is used. A clear increase of the
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Figure 4.9: Fitted compressibility modulus of (a) DMPC, (b) M8515 and (c) M7030
on different subphases.

compressibility modulus follows as a consequence of the DMPG addition. The local
minimum which also develops represents the phase transition from the LE to the LC
phase. It is followed by a rapid increase of the compressibility modulus exceeding
the mark of 150

mN
m

which represents the solid phase [86]. An addition of PFAS to

the subphase however results in a decrease of the compressibility modulus overall.
The influence of PFOS is larger since it has a higher number of perfluorinated
carbons. Even the phase transition which occurs for the lipid mixture with DOPG
addition does not happen anymore since the monolayer becomes more fluid and
therefore less condensed which is indicated by the lower compressibility modulus
overall.
The disordering of the lipids prevents it from packing densely. For DOPG
contents of 30%, the monolayer on a PFOA containing subphase even reaches the
solid phase. The increasing compressibility modulus can also result from the size
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Figure 4.10: Fitted compressibility modulus of (a) DOPC, (b) O8515 and (c) O7030
on different subphases.

Figure 4.11: Free space between the fatty acids of the lipids due to PFAS partitioning
(a) PFOA (b) PFOS.

of PFAS. Although the proportion of the polar area is in the same range for the
lipids and PFAS (table 4.2), the hydrophobic tail of PFAS is only half as long
as the lipid tails. Keeping in mind that alkanes between these tails for example
would cause a stiffening of the layer, it is likely that the opposite effect namely free
space due to smaller molecules causes more fluidity especially with ionic species
which repel each other. This is illustrated in figure 4.11. This effect which might
be stronger for PFOA since it is shorter overlaps with the higher hydrophobicity
of PFOS because of its larger tail. This means more PFOS is present while a
single PFOA molecule has a larger impact than a single PFOS molecule if only the
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Figure 4.12: Accomodation of PFAS into the monolayer with (a) unsaturated and
(b) saturated lipids.

tail is considered. Hydrogen bonds which occur between lipids [136] can also be
disturbed by molecules of other species such as PFAS since they keep the lipids
from interacting as they partition between them.
Another factor that needs consideration is the presence of potassium ions. Since
the potassium salt of PFOS is used for all experiments, the ions might not only
be attracted to PFOS but PG lipids as well. Because not all PFOS partition into
the monolayer, some molecules which originally carried a potassium ion do not
contribute to the monolayer but still deliver ions. A fraction of these might be
attracted to the PG lipids as well.
The compressibility modulus of the DOPC-DOPG mixture in figure 4.10 shows
no recognizable trends with increasing PG content for the subphase without PFAS.
With PFOS however, the compressibility modulus decreases less with more PG.
The curves for PFOA exhibit a slight decrease overall. Unlike the previous DMPCDMPG mixture, no phase transition takes place in any case.
One possible reason why the influence of PFAS on the compressibility modulus
of DOPC-DOPG monolayers is weaker than for DMPC-DMPG monolayers, is
that unsaturated lipids can accommodate small molecules such as PFAS better
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into "pockets" between the lipids which is illustrated in 4.12. Due to their fatty
acids which are not facing straight upwards, a less densely packed monolayer with
more potential for compression forms. If the PFAS then partition into these free
spaces, the compressibility factor is not as much influenced since the fatty acids
are the main factor keeping a distance between the lipids and this effect occurs
with and without additional PFAS. Although the collapse pressure decrease for
monolayers on a PFOS-containing subphase does not match data available from
the literature, the qualitative development of the compressibility modulus is still
the same since it decreases. Two major differences to the related study may have
caused the different response of the monolayer to PFOS. Firstly, no buffer was used
which means that the unknown pH value in the study might be different. Secondly,
the barrier speed was three times higher considering the trough dimensions [77].
Therefore, the system has less time to equilibrate during the experiment. The
most striking results however are the increased disordering of the monolayer with
PFAS for DPPC, DMPC and other membranes as well as the impact on the phase
transition and were already reported [42, 86, 137].
The decrease of the collapse point with a PFOS rich subphase can be explained
with the disordering effect and comparably high surface activity of PFOS. PFOS
partitions between the lipids which usually interact strongly with each other. While
their carbon chains are attracted through van der Waals forces, the headgroups
use hydrogen bonds [136]. The PFAS molecules however are comparatively small.
While the van der Waals surface area of the lipids ranges from 716 to 836 Å2 , the
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Figure 4.13: (a) Highly surface active surfactant displacing lipids from the interface
to the subphase in which it is insoluble and forms micelles. (b) Surfactant with
lower surface activity which gets expelled from the interface.

Figure 4.14: Repulsion of anionic molecules in the monolayer.

surface of PFOS is only 275 Å2 since it is shorter than the lipids with a small
headgroup (table 4.2). By partitioning, PFOS disorders the layer and its partition
coefficient seems to be high enough to even displace lipids from the air-water
interface which is indicated by the intersection of the isotherm with the control
isotherm [138]. Since phospholipids are insoluble in the subphase they most likely
form micelles [139] as in figure 4.13a which might even contain PFOS. The mean
molecular area (only considering lipids not PFAS molecules) at the collapse point
does not change significantly. This also indicates that molecules are replaced and
not just added to the interface since the area at collapse would increase if the PFOS
just partitioned. Since the intersections of the PFOS isotherms shift toward larger
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mean molecular areas for higher PG contents, it can be suspected that the anionic
nature of these lipids leads to repulsion at an earlier stage as in figure 4.14. This is
an intuitive thought but it contradicts the previous assumption that PFOS has
less of an impact on the monolayer with increasing PG content which was based
on the compressibility modulus closer to the control curve. It might be possible
that the truth lies between these statements. While less PFOS molecules partition
into the monolayer, they might be able to push more anionic lipids out since there
are more to be found at the interface. This would explain the earlier intersection
and the increasing compressibility modulus. The altering collapse pressure is also
an indicator for good miscibility of the components leading to the assumption that
no distinct domains of PFOS form [140]. This also supports the hypothesis that
PFOA gets expelled from the monolayer since the collapse point does not change.
If PFOA and the lipid monolayer were immiscible and PFOA would form domains,
only the collapse area which only considers the lipids would increase significantly
since more molecules were at the interface.
The phase transition observed for the addition of DMPG to the DMPC monolayer was already reported in the literature on a CaCl2 containing subphase. Pure
DMPG monolayers did not show a phase transition without but with Ca2+ . The
transition temperature of DMPC and DMPG are both close to ambient temperature.
Figure 2.10 which was already discussed visualizes the phase transitions for lipid
mixtures. This explains the transition after the addition of DMPG [109]. Still, a
different subphase was used in these experiments which might be the reason for the
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differing transition pressure. In figure 2.10, the transition at 20 °C takes place at
about 37

mN
m

for M7030 whereas figure 4.9 shows a phase transition around 25

mN
.
m

At lower PG contents, this pressure increases which is consistent with figure 2.10
again.
To explain the suppressed phase transition for DMPC-DMPG mixtures, similar
arguments like for the collapse point change apply. The disordering of the lipid
monolayer caused by PFOS does not allow for the monolayer to organize enough
to reach higher rigidity.
A major difference of the impact of PFOS and PFOA is that PFOS decreases
the collapse pressure and PFOA does not. A possible explanation for this is that
PFOA gets expelled from the monolayer and PFOS does not. The reason is that
PFOS has a higher partition coefficient and is more hydrophobic than PFOA
(table 4.2). It is therefore more drawn to the air-water interface. Hence, it is not
as easily displaced. Since the lipids have larger hydrophobic groups, they have
even larger partition coefficients which causes them to stay on the interface at least
with PFOA in the subphase which is indicated by the missing intersection of the
isotherms. This is the case for DMPC-DMPG mixtures whereas DOPC-DOPG
mixtures show a behavior which is slightly shifted towards lower collapse pressures.

4.4.2

Morphology of the Model Membrane During Compression

BAM images of the monolayer were taken continuously during the compression
for the attempt to explain the previously presented changes of the membrane
properties since microscopy gives an impression of the monolayer morphology on
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different subphases.

Figure 4.15: BAM images of the lipid monolayer of DMPC and M7030 with PFOA
and PFOS (c=10−4 M ) at different surface pressures.

Some selected images for DMPC-DMPG mixtures at a low, intermediate and
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Figure 4.16: BAM images of the lipid monolayer of DOPC and O7030 with PFOA
and PFOS (c=10−4 M ) at different surface pressures.

high surface pressure (10, 25, 40

mN
)
m

are shown in figure 4.15. It is noticeable that

the layer does not form domains but is distributed evenly over the entire surface
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since the image is bright overall. With the addition of PFAS, no major differences
can be observed at the length scale accessible by BAM6 which indicates that the
PFAS partition evenly into the monolayer causing only changes in the membrane
properties but not the visible morphology of the monolayer.
The BAM images for the DOPC-DOPG mixtures in figure 4.16 at different
surface pressures show an even distribution of the lipid monolayer as well.
One major development that needs to be pointed out is the phase transition
which occurs for M7030 monolayers. A transition to the LC phase takes place at
about 25-30

mN
.
m

Formation of small condensed domains can be seen for almost

all monolayers but M7030 stands out and shows a significant amount of these
spots while they are smaller and fewer on a PFOS subphase. Similar domain
formation was documented for phase transitions of mixed DMPC-DMPG layers as
well [109]. The dense packing can be suspected from both the BAM images and
the compressibility modulus. Overall, BAM images closer to the surface could be
more revealing regarding microscopic changes within the layer.

4.4.3

Partitioning of PFAS into the Compressed Model Membrane

The partitioning of PFOS into the model membrane monolayer was determined
by experiments with compressed monolayers under which a concentrated PFOScontaining solution was injected.
For the stability experiments with DMPC and DMPG, it was observed that the
compressed monolayer can be penetrated by PFOS (figure 4.17). The isotherms of
the different monolayer lipid compositions look very similar while the monolayer
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Figure 4.17: Fitted relative surface pressure π/π 0 of the monolayers DMPC and
M7030 of on different subphases over time, π initial =35 mN
.
m

destabilizes over time without PFOS. While these isotherms match other studies [86]
which also confirm a decay of the monolayer over time, the results with PFOS do
not match quantitatively. In this work, an increase of the surface pressure above
the initial pressure can be noticed during the first two hours. Afterwards, the
pressure decreases just like without PFOS. The isotherms with and without PFOS
were significantly different based on a t-test (95% confidence level, only one p value
was 0.067). The p values for each hour are listed in Appendix D4.1.
These results match studies and simulations on model membranes which were
only conducted for DMPG and PFOS [77]. Overall, a faster pressure decrease for the
DOPC-DOPG monolayers can be observed. This might be due to the unsaturated
fatty acids which are not aligned at the beginning of the isotherm. Alignment
over time causes the pressure to drop more significantly than for DMPC-DMPG
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Figure 4.18: Fitted relative surface pressure π/π 0 of the monolayers DOPC and
O7030 of on different subphases over time, π initial =35 mN
.
m

monolayers.
Additionally, the isotherms for DOPC and DOPG mixtures show a different
development for increasing PG content than DMPC and DMPG. While the DOPC
isotherms are very similar to the DMPC-DMPG curves, the O7030 mixture exhibits
a faster decay of the monolayer without PFOS. The partitioning behavior of PFOS
is also very different with this monolayer compared to the other lipid mixtures. No
direct surface pressure increase can be seen but the isotherm is flatter than without
PFOS which leads to the assumption that PFOS partitions into the monolayer very
slowly and therefore stabilizes it slightly overall. Although trends can be observed,
the isotherms with and without PFOS are not significantly different for DOPC and
O7030, respectively according to a t-test with a 95% confidence level (Appendix
D4.2). The uncertainties are most likely due to experimental error that can occur
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for these sensitive experiments as well as the small sample size.
For DMPC, M7030 and DOPC, very similar isotherms were obtained and PFOS
is found to partition into the layer very actively causing a maximum of the curve
2% above the initial surface pressure. The molecules stay in the monolayer after it
is saturated with them. Nevertheless, the slope of the monolayer decay stays the
same so the partitioning of PFOS does not cause a direct stabilization but a more
dense packing in the beginning leading to an isotherm which is shifted to higher
surface pressures.
A special case is O7030 since PFOS does not even seem to be partitioning into
the monolayer in the beginning. This means that the combination of unsaturated
fatty acids and anionic headgroups causes the PFOS not to actively partition
rapidly. A possible explanation would be that the molecules are not able to stick
in the layer. Since the unsaturated fatty acids provide the layer with a certain
flexibility, it might be possible that the lipids can develop a larger support by the
branches as "springs" and the repulsion of the anionic groups as driving force. This
would mean that the PFOS molecule cannot align to the lipids and would be loose.
It would be pushed back into the aqueous phase. If the lipids were not charged,
there would be no force and the PFOS would stay between the lipids which would
not be repelled. Over time, it can be observed that the slope becomes flatter than
for the control isotherm. This means that some PFOS do partition after all. It
seems possible that the PFOS replace the molecules that leave the surface or even
form own domains avoiding the lipids.
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The long-term decay of the monolayers can have different origins including a
relaxing effect which is supported by the assumption that an equilibrium needs
time to form. This theory is debunked by the fact that the isotherms do not
seem to reach an equilibrium pressure but a certain slope which stays constant.
The long-term pressure drop can partially be related to evaporation of subphase
material but the slope is too steep to only represent evaporation. The second theory
is about the degradation of the material. Since DOPC and DOPG are unsaturated,
they oxidize over time but this is not the case for DMPC and DMPG. A third
hypothesis which is most likely, is that material is removed from the monolayer.
Since the Wilhelmy plate is made of filter paper, it might be possible that it pulls
lipids onto it as the water evaporates from the paper as new water is drawn into it.
This could have been prevented using a platinum Wilhelmy plate. Other material
could be lost due to equilibrating processes since there are no lipids in subphase but
this should not cause too much lipids to go into the water since they are insoluble
in theory.
Concluding the results of the model membrane, it could be determined that the
saturation status of the lipids has a great impact on the fluidity of the monolayer
since the compressibility modulus is higher for the unsaturated lipid mixtures
since they pack differently. Because of the simple composition of the monolayer,
the PFAS partition evenly avoiding and even expelling anionic lipids from the
monolayer. This phenomenon could be related to the drop of the collapse pressure.
Another important finding is that PFOS can partition actively into a monolayer
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which is already compressed.

4.5

Influence of PFAS on Lipid Monolayers of A. borkumensis

For the investigation of the influence of PFAS on the membrane of A. borkumensis,
different approaches were used. Again, compression and stability experiments were
conducted. First, thermodynamic properties will be determined with the isotherms
of the lipid monolayer. Secondly, the discussion of the film morphology follows.
After the evaluation of additional stability experiments, a conclusion about the
relevance of the presented data follows.

4.5.1

Analysis of Compression Experiments with A. borkumensis

The different PFAS applied to the subphase have exhibited different alterations of
the isotherms which are presented in figure 4.19. Overall, all PFAS had a flattening
effect on the isotherms which has become more prevalent with increasing concentration. While the qualitative development is almost the same, the magnitudes of
these changes however are different. The isotherms with PFNA and PFOS on the
one hand are nearly identical. A PFOA addition on the other hand causes almost
no change in the isotherm and the differences to the control isotherm are so slight
that the curves have almost entirely overlapping error bands. Even PFHxS has a
more distinct flattening effect.
The apparent effect of PFHxS is surprisingly strong since it should be less

88

Figure 4.19: Isotherms of A. borkumensis on subphases with (a) PFHxS, (b) PFNA,
(c) PFOA, (d) PFOS.

pronounced than with PFOA because they have six and seven perfluorinated
carbons, respectively. Since the headgroup is not of great relevance for the isotherms
themselves which is indicated by the comparison of PFNA and PFOS both with
eight perfluorinated carbons, there must be another factor contributing to the
isotherm shift of PFHxS. The molecule is known for more intense effects already.
The partition coefficient with respect to serum albumin for instance was found to
increase with increasing number of perfluorinated carbons. The only exception
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Figure 4.20: Fitted compressibility modulus of A. borkumensis on subphases with
(a) PFHxS, (b) PFNA, (c) PFOA, (d) PFOS.

that did not fit into the pattern was PFHxS which means it is more protein
binding [141]. This means that PFHxS behaved more hydrophobic than it would
have been predicted due to its structure. Therefore, these findings of a more
hydrophobic behavior can be related to similar results from the literature although
the starting point of the isotherm contradicts the results from figure 4.5 which
would have suggested that the onset area of the here presented isotherms with
PFHxS is lower than for PFOA.
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The different impacts of the PFAS are also very clear for the compressibility
moduli in figure 4.20. Again, all PFAS have in common that the compressibility
modulus decreases as a result of the flatter isotherms. These developments are
more significant with increasing concentration.
A major difference of these extracted lipids to the model membrane which was
previously discussed is that the compressibility modulus and therefore the slope of
the isotherms is much lower. While the peak without PFAS in the subphase reaches
only a value of about 62

mN
,
m

the peaks of the compressibility modulus of the model

membrane lipids are in the range of 95-205

mN
.
m

The reason for this might be that

many different kinds of lipids with saturated as well as unsaturated fatty acids
are present as discussed in chapter 2.3. Therefore, the lipids are pushed together
while their fatty acids are aligning without the headgroups getting pushed together.
Just like for the DOPC-DOPG model membrane, unsaturated fatty acids build
small pockets in which the PFAS partition so that the effect on the compressibility
modulus is weakened again.
An effect that was described for the model membrane already applies for the
A. borkumensis lipids as well. Again, the hydrogen bonds between the lipids are
broken by the PFAS and the shorter molecules increase fluidity by disrupting the
attractive forces between the lipids.
With increasing concentrations of PFAS, PFNA and PFOS in particular, the
initial surface pressure after application of the monolayer is always at a certain
level which leads to the assumption that the air-water-interface is already partially
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Figure 4.21: Surface pressure of collapse π coll for the lipid monolayer of A. borkumensis with different PFAS concentrations of the subphase. Reference line without
added PFAS.
occupied by PFAS as it was discussed in chapter 4.3. The lipid addition therefore
causes an immediate, steep increase of the pressure which causes the monolayer to
skip the gas phase.
One characteristic point of the isotherms is the collapse point which was
determined for each isotherm. All collapse surface pressures are shown in 4.21
as a function of the PFAS concentration in the subphase. A clear trend can be
determined for all PFAS except for PFHxS. Compared to the reference line which
represents experiments without PFAS, the surface pressure at the collapse point
decreases almost linearly with increasing PFAS content of the subphase. Similarly
to the model membrane approaches, it can be suspected that the drop of the collapse
pressure is a sign for lipids which are pushed into the subphase This effect is more
distinct for the longer PFAS, PFNA and PFOS due to the high partition coefficient
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and comparatively larger hydrophobic share. The intersection of the isotherms
with the reference isotherm is again an important spot and can roughly be related
to the PFAS concentration. The intersection is shifted towards the beginning of
the isotherm for increasing concentrations since the more anionic PFAS are present.
As already elaborated in chapter 2.3, the lipid extract of A. bokumensis might
contain many phospholipids with PG headgroups as well as unsaturated fatty acids.
Therefore, the same explanation as for the model membrane applies. On the one
hand, there is a decrease of the compressibility modulus due to the repulsion of the
negative charges. On the other hand, the lipids are expelled from the monolayer
leading to the intersection mentioned previously. Since the mean molecular area
at the collapse does not change significantly, the theory is also supported for the
bacterial membrane lipids.
Overall, these results indicate that the membrane of A. borkumensis becomes
disordered in the presence of PFAS leading to a decrease of mechanical stability.
Even displacement of lipids is possible at higher surface pressures leading to a
permanent loss of them.

4.5.2

Morphology of the Bacterial Monolayer

BAM images were also taken for the bacterial membranes and they show much more
distinct domains for the extracted lipids although this would not be energetically
favorable in general. Images at low pressures in figure 4.22 show distinct domains
for the subphase without PFAS indicating an equilibrium of gaseous and gel or even
solid phase. Similar images with less contrast can be obtained for coexisting LE and
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Figure 4.22: BAM images of the lipid monolayer of A. borkumensis with different
PFAS (c=10−4 M ) at different surface pressures.

LC just before the phase transition of simpler systems [129] or for phospholipids in
combination with other molecules like proteins (Human serum albumin (HSA)) [89]
or cholesterol and ergosterol [140]. It is important to point out that the dark areas
are not gray but black. It is therefore not evenly distributed unlike the model
membrane. The monolayer itself has a bright color indicating a more dense packing
of lipids within the domains which is most likely due to the fact that different
molecular species were extracted and interact strongly. This is favorable in natural
membranes since it has an equivalent surface pressure of 35
were taken at less than 5

mN
.
m

mN
m

and the images

The domain formation within a monolayer can be

observed for most natural membranes even if this does not necessarily mean that
this can be seen under the microscope. Clustering of ionic species is very common
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Figure 4.23: BAM images of the lipid monolayer of A. borkumensis with different
PFAS (c=10−4 M ) at different surface pressures.

since the charges can be attracting. The addition of other ionic species is known
to be a factor interfering with these domain formations [59].
Considering that the compressibility modulus is relatively low compared to the
model membrane, it must be noted that the domain formation has a great influence
on this factor. The ovoid-shaped holes in the monolayer of A. borkumensis’ lipids
contribute to a low compressibility modulus while the solid or liquid domains have
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Figure 4.24: BAM laser reflection for (a) the model membrane, (b) A. borkumensis’
lipid monolayer and (c) A. borkumensis’ lipid monolayer with PFAS

an increasing effect leading to a high elasticity overall [80]. The model membranes’
compressibility modulus however is attributed to the whole uniform layer.
The laser reflection of the membrane and the packing of the monolayer are
visualized in figure 4.24. As observed for the model membrane, evenly distributed
monolayers at low pressures exhibit less bright images because they are not straightened up yet while more organized domains form for A. borkumensis’ lipids as
discussed.
The images of monolayers on PFAS rich subphases for low surface pressures
are only available for PFHxS and PFOA because the other isotherms with PFOS
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and PFNA are already starting off at a higher surface pressure. Both PFHxS and
PFOA show similar BAM images but it seems like the holes of the domain are
much smaller though bigger with PFHxS than with PFOA. This is consistent with
figure 4.5 which led to the conclusion that less PFHxS than PFOA should be at
the surface at this concentration. In contrast to this, the isotherms of PFHxS start
at a higher surface pressure. Within the large domains narrower lines with a darker
color than the bright white of the control images can be observed. Since these
regions are only visible with PFAS it is likely that these are the PFAS rich areas.
Since the bright color represents densely packed molecules or molecules with long
chains which stand upright, it makes sense that the smaller PFAS do not reflect as
well as long-chained lipids. The darker areas possibly formed in this shape because
of the lipid addition. When droplets are placed on the interface and spread over
the surface, they might push PFAS which were already at the interface away. This
would lead to the formation of such lines but it has to be kept in mind that the
model membrane did not show such a behavior which can be explained with the
stronger interactions of the extracted lipids as well since they are more complex.
The shape of spreading monolayer can be seen in Appendix C2.
At higher surface pressures, the different regions mix and the layer becomes
more uniform. This can be seen in figure 4.23. While the monolayer without PFAS
still exhibits holes which do not even close until the surface pressure of 10

mN
,
m

the monolayers with PFAS are already packed at lower pressures of 5

For

mN
.
m

the more hydrophobic molecules PFNA and PFOS, the monolayer morphology
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looks almost the same at high pressures of 35

mN
.
m

Nevertheless, it is noticeable

that brighter areas form with PFNA, this was also observed for PFOA but more
subtle for high pressures. For lower surface pressures however, the bright spots are
more distinct and larger. The only PFAS to exhibit the darker areas mentioned
for low surface pressures, is PFHxS but they disappear quickly. As soon as the
pressure increases enough, the monolayer mixes enough in its fluid phase when the
interactions grow stronger and the monolayer attempts to mix ideally.

4.5.3

Analysis of the Stability Experiments with Alcanivorax borkumensis

The results of the stability experiments for A. borkumensis lipids are shown in
figure 4.25. The isotherms for the PFAS containing subphase are not significantly
different from the control isotherm (95% confidence see Appendix D5). This means
there are three possible scenarios:
1. No partitioning occurs during the monitored 8 h.
2. PFAS partition into "pockets" which are a gap resulting from unsaturated
fatty acids in the lipids.
3. PFAS replace other components in the monolayer by actively pushing them
out.
Out of these three, the third scenario is most unlikely since the pressure would
not drop as much as it does. The decay which occurs without PFAS would be
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Figure 4.25: Fitted relative surface pressure π/π 0 of the A. borkumensis monolayers
on different subphases over time, π initial =35 mN
.
m

compensated by the PFAS which would now partition more actively when there is
more space.
To determine whether scenario one or two is true, additional experiments will
be necessary in the future. A Langmuir-Schaefer deposition onto a hydrophobic
substrate (figure 2.9) after the completed 8 h can be used to examine which mass
fraction of PFAS is in the monolayer.
Even the literature could not clarify whether scenario one or two might be
probable. The determination of the exclusion pressure for example is an experiment
that relies on the fact that no molecules partition if the pressure change is zero
just like in the stability experiments presented in this chapter [89]. Details about
the exclusion experiments can be found in chapter 2.5.1. Nevertheless, a limited
partitioning into the pockets cannot be ruled out yet. Other references state that
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a missing change in the surface pressure does not have to mean that there is no
adsorption [76]. However, the presented results deal with the determination of
the active partitioning of molecules into the monolayer which means that this
claim is not necessarily relevant for this case. Adsorption to the membrane might
only be relevant if the live bacterium tries to make alkanes bioavailable using
its biosurfactant anionic glycolipids which are located in the membrane since
adsorption would lead to an occupied membrane surface.
In conclusion, additional experiments are necessary to support the results.
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5

Conclusions

This work aimed at the examination of the effects of PFAS on the membrane
properties of A. borkumensis in order to obtain information that can be related
to the response of live bacteria to the contaminants which are emerging in the
environment. Therefore, different experiments using monolayers at an air-water
interface were conducted aiming at the determination of the active partitioning
into the compressed monolayer, the expulsion from a compressing monolayer and
the behavior of PFAS without lipid layer. Aside from the bacterial membrane,
model membranes were used to explain the possible responses to PFAS.
It was found that PFAS are not very likely to partition into a compressed
monolayer with an equivalent pressure of a natural membrane. Nevertheless, the
results indicate that PFAS with comparatively high partition coefficients might
be more likely to stay in the membrane and even repel lipids if they manage to
partition into it. This alters the dynamic behavior or rather the fluidity of the layer
and can cause permanent damage to the bacterial cell which relies on the mechanical
properties of its membrane. PFAS with a low partition coefficient however are not
as actively partitioning and are less likely to displace the membrane lipids.
A key factor that needs consideration is the concentration. Low concentrations
of 5·105 M had only subtle impacts on the membrane. Only PFNA was still able
to repel lipids from the interface.
Future work on the monolayer of A. borkumensis’ lipids might include the
determination of the monolayer exclusion pressure since this is relevant for the
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natural membranes. Imaging of the monolayer morphology on a smaller scale
could also reveal some unknown mechanisms for the bacterial and especially the
model membrane. Additionally, a Langmuir-Schaefer deposition after the stability
experiments would be the best method to determine if PFAS did partition into
the monolayer. To establish a complete image of the response of A. borkumensis
to the presence PFAS, future work can focus on the response of live cells to these
molecules at different concentrations to determine if they are lethal at some point.
Since PFAS are carbon chains just like alkanes the bacterium ingests, it would be
interesting to see how the bacterium responds to the fluorinated compounds and
to determine how the mechanisms of a specialized complex live cell respond.
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Appendix A
Matlab Scripts
Appendix A1: Script for the determination of the isotherm tangent and its intersection with the x-axis.
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Appendix A2: Script of the function for the determination of the isotherm tangent
and its intersection with the x-axis.
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Appendix B
Calculations
Appendix B1: Calculations for the extraction methods until the first phase
separation after the third centrifugation (figure 3.4).
Densities of the components at 20 °C:
kg
ρwater = 998 m
3 [133]
kg
ρDCM = 1330 m
3 [142]
kg
ρmethanol = 792 m
3 [133]
Molecular weights see table 3.1
After third centrifugation
Liquid composition of S1 (figure 4.3, 4.2, 4.4):

Water
DCM
Methanol

V unmixed [mL]
1
1.3333
2.6667

m [g]
0.998
1.773
2.112

wt%
20.44
36.31
43.25

mol%
38.95
14.69
46.36

V unmixed describes the volume of the pure component when added. Mixing reduces
the volume overall due to intermolecular forces.
After fourth centrifugation
Liquid composition of organic (point B and B1) and corresponding aqueous phase
(C and S2) in total, point A in figure 4.3, 4.2, 4.4:

Water
DCM
Methanol

V unmixed [mL]
1
2.6667
1.3333

m [g]
0.998
3.547
1.056

wt%
17.82
63.33
18.85

mol%
42.57
32.1
25.33

The densities of the resulting phases after the fourth centrifugation can be determined with figure Appendix B1 using the molar percentage of methanol from the
following table. Figure 4.3 can then be used to read off the compositions of the
different phases along the tie lines. The values are:
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Organic phase
Aqueous phase

wt%
water
3.07
41.87

mol%
water
11.5
71.5

wt%
DCM
88.14
28.98

mol%
DCM

70
10.5

wt%
methanol
8.79
29.15

mol%
methanol
18.5
28

kg
ρ [m
3]

1242.4
954.2

The weight percentages w of the components (i ) can be calculated from the molar
shares x and molar weights M :
wi =

xi · Mi
Σ(xi · Mi )

It follows that the organic phase is the heavier and therefore the bottom phase.
The weight of the organic phase can be calculated by using the weight and weight
percentages w of one of the components (i ):
mi,total = morganic · wi,organic + maqueous · wi,aqueous
and
maqueous = mtotal − morganic
The organic phase (B and B1) weighs 3.473 g (2.795 mL) and therefore contains:
Water 0.1066 g
DCM 3.0602 g
Methanol 0.3052 g
The aqueous phase (C and S2) weighs 2.129 g (2.2312 mL) and therefore contains:
Water 0.8914 g
DCM 0.4868 g
Methanol 0.7508 g
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Appendix B2: Calculations for the phase separation in the final version of the
extraction (figure 4.3).
In the end, the first supernatant and the second bottom phase (S1+B1) (figure 3.4)
were combined.
Both phases together contain:

Water
DCM
Methanol

V unmixed [mL]
1.1068
3.634
3.052

m [g]
1.1046
4.8332
2.4172

wt%
13.22
57.85
28.93

mol%
31.65
29.39
38.96

Figure Appendix B1: Density determination for a W/D/M system [132].
Final system after adding methanol and water
After combining the phases, 0.582 mL (0.4609 g) methanol and 2.1638 mL (2.1594 g)
NaCl solution were added to achieve a volume ratio (W/D/M) of 0.9:1:1 like in
the original Bligh and Dyer method [66]. The composition of the organic (point
E) and corresponding aqueous phase (point F) in total, point D is:

The densities of the resulting phases after the fourth centrifugation can be deter107

Water
DCM
Methanol

V unmixed [mL]
3.2706
3.634
3.634

m [g]
3.1996
4.8332
2.8781

wt%
29.32
44.3
26.38

mol%
54.75
17.55
27.7

mined with figure Appendix B2 using the molar percentage of methanol from the
following table. Figure 4.3 can then be used to read off the compositions of the
different phases along the tie lines. The values are:

Organic phase
Aqueous phase

wt%
water
2.97
34.03

mol%
water

11
58.5

wt%
DCM
87.19
37.01

mol%
DCM
68.5
13.5

wt%
methanol
9.84
28.96

mol%
methanol
20.5
28

The organic phase is the heavier and therefore the bottom phase.
The organic phase weighs 1.5844 g (1.2756 mL) and therefore contains:
Water 0.0471 g
DCM 1.3814 g
Methanol 0.1559 g
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kg
ρ [m
3]

1242.1
943.5

Appendix B3: Calculations for the phase separation in the original version of
the extraction (figure 4.2).
In the end, the supernatants (S1+S2) were combined (figure 3.3).
Both phases together contain:

Water
DCM
Methanol

V unmixed [mL]
1.8932
1.6991
4.3154

m [g]
1.8894
2.2598
3.4178

wt%
24.97
29.86
45.17

mol%
44.03
11.17
44.8

Final system after adding DCM and water
After combining the phases, 2 mL (2.66 g) DCM and 2 mL (1.996 g) NaCl solution
were added according to the original procedure. The composition of the organic
(E) and corresponding aqueous phase (F) in total, point D is:

Water
DCM
Methanol

V unmixed [mL]
3.8932
3.6991
3.6146

m [g]
3.8854
4.9198
2.8628

wt%
33.3
42.16
24.54

mol%
59.41
15.96
24.63

Figure Appendix B2: Density determination for a W/D/M system [132].
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The densities of the final two phases can be determined with figure Appendix
B2 using the molar percentage of methanol from the following table. Figure 4.2
can then be used to read off the compositions of the different phases along the tie
lines. The values are:

Organic phase
Aqueous phase

wt%
water
2.12
42.3

mol%
water

8.5
65

wt%
DCM
91.88
27.61

mol%
DCM

78
9

wt%
methanol
6
30.09

mol%
methanol
13.5
26

The organic phase is the heavier and therefore the bottom phase.
The organic phase weighs 2.6424 g (2.0764 mL) and therefore contains:
Water 0.056 g
DCM 2.4279 g
Methanol 0.1585 g
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kg
ρ [m
3]

948.9
1272.6

Appendix B4: Calculations for the phase separation in the original version of
the extraction (figure 4.4).
This time, the first supernatant and the second bottom phase (S1+B1) were
combined (figure 3.3).
Both phases together contain:

Water
DCM
Methanol

V unmixed [mL]
1.1068
3.634
3.052

m [g]
1.1046
4.8332
2.4172

wt%
13.22
57.85
28.93

mol%
31.65
29.39
38.96

Final system after adding water and DCM
After combining the phases, 2 mL (2.66 g) DCM and 2 mL (1.996 g) NaCl solution
were added according to the original procedure. The composition of the organic
(E) and corresponding aqueous phase (F) in total, point D is:

Water
DCM
Methanol

V unmixed [mL]
3.1068
5.634
3.052

m [g]
3.1006
7.4932
2.4172

wt%
23.83
57.59
18.58

mol%
51.25
26.28
22.47

Figure Appendix B3: Density determination for a W/D/M system [132].
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The densities of the final two phases can be determined with the figure of Appendix
B3 using the molar percentage of methanol from the following table. Figure 4.4
can then be used to read off the compositions of the different phases along the tie
lines. The values are:

Organic phase
Aqueous phase

wt%
water
1.87
41.9

mol%
water

7.5
65

wt%
DCM
91.7
28.87

mol%
DCM

78
9.5

wt%
methanol
6.43
29.23

mol%
methanol
14.5
25.5

The organic phase is the heavier and therefore the bottom phase.
The organic phase weighs 5.9477 g (4.7377 mL) and therefore contains:
Water 0.1112 g
DCM 5.454 g
Methanol 0.3825 g
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kg
ρ [m
3]

1255.4
943.5

Appendix C
Additional figures

Figure Appendix C1: Microscopy image of A. borkumensis.

Figure Appendix C2: BAM image of monolayer spreading
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Figure Appendix C3: Ternary phase diagram of the W/D/M system [132]. T =20 °C.
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Appendix D
Results

Appendix D 1: Results of the lipid extraction.
Table Appendix D1: Lipid Yield from extraction method no. 2. The pellets were
halved into aliquots. Lipid weights of aliquots were combined.
Number
1
2
3
4
5
6
7
8
9
mean [mg]
σ [mg]

Wet pellet Lipid
weight [mg] weight [mg]
367.4
4.1
384.6
2.5
386.7
3.3
341.3
2.6
380
2.9
364.3
4.3
379.2
4.5
380.2
3.2
343.2
4.3
369.7
3.52
17.2
0.74
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Lipid
percent [%]
1.1159
0.65
0.8534
0.7618
0.7632
1.1803
1.1867
0.8417
1.2529
0.9562
0.2133

Appendix D 2: Results of the compressibility isotherms with model membrane
lipids.
Table Appendix D2.1: Collapse pressure π coll and Ā0 of isotherms with DMPC,
M8515 and M7030 without PFAS, with PFOA and PFOS including the standard
deviation σ and Standard error of the mean (SE).
Lipids
PFAS
c [M ]
π coll [ mN
]
m
]
σ [ mN
m
SE [ mN
]
m
A¯0 [Å2 ]
σ [Å2 ]
SE [Å2 ]

DMPC
none
54.84
53.4
55.07
0.91
0.52

PFOA
10−4
53.15
52.44
52.76
0.36
0.21

PFOS
10−4
40.99
43.5
41.66
1.3
0.75

M8515
none
54.35
55.5
54.56
0.61
0.35

PFOA
10−4
56.63
54.96
57.16
1.15
0.66

PFOS
10−4
45.32
47.75
46.38
1.22
0.7

M7030
none
59.27
59.36
58.84
0.28
0.16

PFOA
10−4
48.73
46.71
50.96
2.12
1.23

PFOS
10−4
39.2
42.11
38.59
1.88
1.08

70.69
73.19
77.25
3.31
1.91

77.66
77.46
79.97
1.4
0.81

87.6
87.11
85.42
1.14
0.66

63.15
61.79
62.65
0.69
0.4

60.04
64.72
65.12
2.83
1.63

82.46
78.77
77.46
2.59
1.5

61.45
62.17
62.72
0.64
0.37

69.46
67.53
66.79
1.38
0.79

81.05
67.67
85.55
9.3
5.37

Table Appendix D2.2: Collapse pressure π coll and Ā0 of isotherms with DOPC,
O8515 and O7030 without PFAS, with PFOA and PFOS including the standard
deviation σ and SE.
Lipids
PFAS
c [M ]
π coll [ mN
]
m
σ [ mN
]
m
SE [ mN
]
m
A¯0 [Å2 ]
σ [Å2 ]
SE [Å2 ]

DOPC
none
45.37
45.53
45.77
0.2
0.12

PFOA
10−4
42.12
44.03
42.78
0.97
0.56

PFOS
10−4
35.48
37.6
36.45
1.06
0.61

O8515
none
45.34
44.28
45.94
0.84
0.48

PFOA
10−4
44.43
44.76
44.6
0.16
0.09

PFOS
10−4
36.49
38.61
39.16
1.41
0.81

O7030
none
45.98
44.47
45.84
0.84
0.48

PFOA
10−4
43.46
44.55
44.87
0.74
0.43

PFOS
10−4
38.05
39.08
37.96
0.62
0.36

76.63
74.81
77.43
1.35
0.78

80.54
76.65
79.53
2.02
1.17

90.67
89.12
92.77
1.83
1.06

79.61
79.15
78.77
0.42
0.24

77.91
78.46
75.83
1.39
0.8

81.79
82.99
84.69
1.46
0.84

81.6
82.57
81.55
0.57
0.33

83.78
79.3
81.39
2.24
1.29

85
80.11
82.79
2.45
1.41
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Appendix D 3: Results of the compressibility isotherms with A. borkumensis.
Table Appendix D3.1: Collapse pressure π coll and A0 of isotherms with A. borkumensis without PFAS, with PFHxS and PFNA including the standard deviation σ
and SE.
PFAS
c [M ]
π coll [ mN
]
m
σ [ mN
]
m
SE [ mN
]
m
A0 [cm2 ]
σ [cm2 ]
SE [cm2 ]

none
42.73
42.57
43.04
0.24
0.14

PFHxS
10−4
41.55
41.77
42.77
0.65
0.37

−5

5·10
43.66
42.21
42.87
0.72
0.42

141.41
140.41
144.79
2.3
1.33

140.67
136.59
137.79
2.1
1.21

145.2
141.95
143.26
1.63
0.94

10
42.1
42.54
42.41
0.22
0.13

PFNA
10−4
5·10−5
36.12
39.44
36.64
40.12
37.73
38.82
0.82
0.65
0.47
0.38

10−5
41.21
41.6
40.94
0.33
0.19

143.14
147.52
147.54
2.54
1.46

146.61
151.91
141.81
5.05
2.92

143.22
139.87
143.21
1.93
1.11

−5

155.25
152.29
150.5
2.4
1.39

Table Appendix D3.2: Collapse pressure π coll and A0 of isotherms with A. borkumensis with PFOA and PFOS including the standard deviation σ and SE.
PFAS
c [M ]
π coll [ mN
]
m
σ [ mN
]
m
mN
SE [ m ]
A0 [cm2 ]
σ [cm2 ]
SE [cm2 ]

PFOA
10−4
40.78
40.68
40.95
0.14
0.08

−5

5·10
41.86
41.85
42.4
0.32
0.18

149.84
146.56
146.27
1.98
1.14

138.6
141.92
146.82
4.13
2.39

10
42.39
41.69
42.59
0.47
0.27

PFOS
10−4
36.46
36.77
36.91
0.23
0.13

5·10−5
39
39.22
39.04
0.12
0.07

10−5
42.61
42.04
41.94
0.36
0.21

140.4
146.17
151.63
5.61
3.24

138.72
134.59
141
3.25
1.88

139.17
137.44
139.4
1.07
0.62

143.64
148.51
145.41
2.47
1.43

−5
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Appendix D 4: Results of the stability isotherms with model membrane lipids.
Table Appendix D4.1: Results from the statistical analysis of the stability experiments with DMPC and M7030. p values below 0.05 indicate a significant difference
of the values. One data point was compared each hour. The concentration of PFOS
was 10−5 M .
DMPC
Time [h]
No PFAS
PFOS
p value

1
0.934
0.934
1.008
0.994
0.067

2
0.912
0.918
0.981
0.977
0.007

3
0.903
0.907
0.971
0.968
0.003

4
0.894
0.898
0.971
0.966
0.002

5
0.888
0.892
0.966
0.954
0.033

6
0.882
0.886
0.955
0.955
0.016

7
0.876
0.882
0.945
0.953
0.006

8
0.868
0.877
0.939
0.947
0.007

1
0.926
0.91
0.983
0.999
0.022

2
0.903
0.891
0.955
0.965
0.016

3
0.883
0.875
0.95
0.95
0.038

4
0.866
0.864
0.942
0.947
0.006

5
0.852
0.854
0.934
0.946
0.04

6
0.839
0.846
0.928
0.945
0.032

7
0.829
0.837
0.922
0.945
0.05

8
0.817
0.829
0.918
0.946
0.048

M7030
Time [h]
No PFAS
PFOS
p Value
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Appendix D 5: Results of the stability isotherms with A. borkumensis.
Table Appendix D4.2: Results from the statistical analysis of the stability experiments with DOPC and O7030. p values below 0.05 indicate a significant difference
of the values. One data point was compared each hour. The concentration of PFOS
was 10−5 M .
DOPC
Time [h]
No PFAS
PFOS
p value

1
0.922
0.931
0.992
0.985
0.011

2
0.9
0.913
0.964
0.959
0.046

3
0.884
0.9
0.949
0.944
0.073

4
0.87
0.888
0.934
0.934
0.099

5
0.859
0.876
0.922
0.922
0.101

6
0.848
0.865
0.916
0.911
0.075

7
0.838
0.857
0.905
0.904
0.1

8
0.831
0.85
0.895
0.894
0.109

1
0.875
0.886
0.886
0.894
0.308

2
0.839
0.847
0.851
0.856
0.178

3
0.813
0.821
0.826
0.836
0.167

4
0.791
0.798
0.809
0.819
0.097

5
0.775
0.776
0.794
0.807
0.161

6
0.759
0.759
0.781
0.799
0.184

7
0.745
0.74
0.769
0.79
0.16

8
0.732
0.727
0.761
0.78
0.129

O7030
Time [h]
No PFAS
PFOS
p value
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Table Appendix D5: Results from the statistical analysis of the stability experiments
with A. borkumensis. p values below 0.05 indicate a significant difference of the
values. The isotherms with PFAS were compared to the control curve and one
data point was compared each hour. The concentration of each PFAS was 10−5 M ,
respectively.
Time [h]
No PFAS
PFHxS
p value
PFNA
p value
PFOA
p value
PFOS
p value

1
0.912
0.917
0.912
0.914
0.639
0.924
0.917
0.317
0.924
0.913
0.588
0.917
0.918
0.524

2
0.881
0.886
0.882
0.88
0.455
0.891
0.882
0.596
0.891
0.884
0.456
0.874
0.883
0.47

3
0.862
0.866
0.858
0.856
0.129
0.869
0.86
0.926
0.866
0.864
0.649
0.848
0.858
0.246

4
0.845
0.846
0.84
0.837
0.109
0.85
0.843
0.813
0.847
0.846
0.344
0.826
0.837
0.243

120

5
0.831
0.829
0.827
0.821
0.249
0.836
0.828
0.692
0.83
0.833
0.547
0.81
0.821
0.216

6
0.819
0.814
0.813
0.806
0.241
0.823
0.816
0.581
0.816
0.821
0.602
0.799
0.806
0.081

7
0.81
0.8
0.799
0.791
0.248
0.812
0.805
0.652
0.804
0.81
0.747
0.789
0.792
0.165

8
0.799
0.79
0.789
0.782
0.274
0.802
0.794
0.631
0.793
0.799
0.779
0.778
0.778
0.179
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